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SYNOPSIS 
The programme was concerned with the effects of processing 
variables on the structure and properties of coolant reservoir tanks. The 
work was concentrated on the extrusion blow moulding process and on 
propylene polymers, following an earlier similar research in the Institute on 
high density polyethylene. We have worked with a company which 
specialises in technical blow mouldings; the work has dealt with coolant 
tanks which are required for high temperature, high pressure service in the 
presence of antifreeze. 
It soon became apparent that the application made severe 
demands on polypropylene in that failure was possible by a variety of 
mechanisms, including environmental stress cracking and ductile blow-out 
failure. Additionally, the shaping process by extrusion blow moulding was 
not being carried out in the optimum way, either with respect to process 
economics or to product properties. 
Investigation of the surface texture of corn mercial tanks revealed 
that shrinkage from the mould occurred frequently due to inadequate hold-
on pressure; this loss of contact gives poor surface finish and retarded 
COOling. This phase of the research was supported by a programme carried 
out on the Bradford University equipment and by providing appropriate 
thermal data for the Bradford mathematical model for cooling. To reduce 
the cooling cycle time, the efficacy of internal cooling techniques, 
including forced air cooling and liquid carbon dioxide, was studied. 
Further, the possibility of shaping polypropylene in the supercooled region 
was investigated and a double extruder system was developed to examine 
the shear viscosity of supercooled polymers. 
The main concern has been failure caused by stress cracking and 
environmental stress cracking, especially of development grades of 
propylene polymers. The structures of various ethylene-modified 
polypropylenes have been elucidated, as have the relationship of structure' 
to processing history and its relevance to the severe stress cracking 
encountered. A new method for determining ethylene content of ethylene:" 
propylene systems has been developed, as this is one of the important 
characteristics of ethylene modified polypropylene. 
(iii) 
The available processes of manufacturing the coolant reservoir 
tanks have been considered; in particular, competing methods of 
manufacture of extrusion blow moulding and injection moulding/welding 
have been compared. The design of coolant tanks, in particular the wall 
thickness required, has been examined. Stress analysis, supported by 
tensile failure and relaxation data, has been carried out to provide 
background to the failures encountered in practice. 
Finally, possible new candidate material for the coolant tank 
application, polypropylene-linear low density polyethylene (ethylene-octene 
copolymer) blends have been investigated. 
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Chapter 1 
INTRODUCTION 
Coolant is required in internal combustion engines as a prime 
route for the removal of the heat of combustion. It is advantageous, 
however, that the engine operates at a high temperature, since this gives 
high efficiency. With water as the preferred coolant, the high temperature 
requirement necessitates that the system is pressurised. Further, the 
thermal expansion of the coolant means that sufficient volume for 
expansion must be available, either by providing a large header tank, or the 
preferred solution, by employing a subsidiary reservoir tank. 
The coolant reservoir tank is therefore to be considered as a 
pressure vessel, subjected to potentially aggressive environments at 
temperatures up to 135°C involving excess pressures of up to 2.0 bar over 
long time scales, but still required to be robust at sub-zero temperatures. 
Further, it must be capable of being manufactured reproducibly in numbers 
ranging from a few thousand to a few hundreds of thousands, at an 
acceptable price. Metal was originally specified for this application, but 
suffered three major deficiencies: corrosion, high cost and lack of 
transparency; all could be satisfied by plastics materials. 
The concurrent requirements of pressure resistance and high 
temperatures, in the presence of ethylene glycol and water, together with 
low cost, restricted the choice virtually to polypropylene. However, 
considerations of robust performance at low temperatures point to use of 
ethylene-modified (high impact strength) grades and the need for a long 
lifetime under these service conditions can only be met with high stabiliser 
usage. Nevertheless, polypropylene (ethylene modified) is not an entirely 
suitable material in this application, as its load-bearing capacity at 135°C 
is low and its transparency is far from perfect. Additionally, it is not 
completely immune to environmental stress cracking by ethylene glycol 
solution. This is a matter of great significance, as it restricts the choices 
of the grade of polymers and consequently restricts methods of 
manufacture. 
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For a coolant tank, two competing methods of manufacture, both 
of which are in use corn mercially at present, are blow moulding and 
injection moulding (the two halves), followed by welding; the other possible 
method, rotational moulding, is not used, probably because a satisfactory 
compromise between processability and properties cannot be achieved. 
The method of manufacture places a limitation on the grade of polymer 
which can be employed; notably, rotational casting and injection moulding 
both require low molecular weight polymers for best results, whilst blow 
moulding is associated with high molecular weight materials. The 
relevance of molecular weight in the present context is that polymers of 
high molecular weight are more resistant to stress cracking, the incidence 
of which increases as temperature and stress are increased. There is, 
therefore, some advantage in using a high molecular weight polymer. 
In general, this research program me consists of three phases; they 
are design criteria for coolant tanks; process analysis; and material and 
properties considerations. These are first considered in Chapter 2 (design 
and process considerations) and in Chapter 3 (material and properties 
considerations). 
Chapter 4 presents the results and discussions of the design 
criteria of coolant tanks. In particular, the wall thickness required has 
been examined. Stress analysis by a finite element method, supported by 
tensile yield stress and relaxation data has been carried out to provide 
background to the failures encountered in proof testing and practice. A 
great deal of effort has also been devoted to the investigation of the 
failure caused by stress cracking and environmental stress cracking. 
Consideration and comparison have been given to the two competing 
methods (blow moulding and injection moulding) of manufacturing the 
coolant reservoir tanks; and a variety of coolant tanks from both routes 
have been characterised and evaluated comprehensively. 
Chapter 5 presents results and discussion of the manufacturing 
process. The effects of the blowing pressure and internal cooling on the 
process economics and product properties have been examined. This phase 
of research was supported by a programme carried out on the Bradford 
University half bottle rig and by providing appropriate thermal data for the 
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Bradford mathematical model for cooling. In attempts to turn the very 
long supercooling range of polypropylene into an advantage, a double 
extruder system has been developed to investigate the viscosity of 
supercooled polypropylene and the possibility of shaping polypropylene in 
this region. 
Chapter 6 considers the material and properties aspects. As the 
main concern has been failure associated with stress cracking and 
environmental stress cracking, a major effort has been made in elucidating 
the structure of the sequential copolymers. A new method for determining 
ethylene content of ethylene-propylene systems has been developed. The 
microstructure of the globular particle found in such systems, and how this 
structure is related to processing history as well as its relevance to the 
severe stress cracking encountered; have been studied in detail. 
Chapter 2 
BACKGROUND: DESIGN AND 
PROCESS CONSIDERATIONS 
2.1 Principles of Extrusion Blow Moulding 
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Extrusion blow moulding, primarily an art, has been in industrial 
use since the turn of the century, even though high volume applications did 
not occur until low cost polyolefins made feasible the competition with 
glass for the rapidly expanding packaging industry. The continued 
popularity and importance' of this process is evident from the enormous 
growth and diversification of the plastics container industry in recent 
years. In spite of this considerable growth, however, there exists 
remarkably little understanding of the entire blow moulding cycle from a 
fundamental or scientific point of view. In this respect, a general detailed 
description of the extrusion blow moulding process can be found in the 
treatise by Fisher.1 A more detailed overview regarding the present state 
of the art and science of blow moulding can be better appreciated from the 
recent reviews by Frins and Sharp2 and Denson. 3 
Basically, in extrusion blow moulding a tubular parison of molten 
polymer is extruded into a mould, where it is blown by compressed air to 
the walls of the mould. The moulded polymer is cooled and solidified in 
this mould until it is sufficiently rigid to be removed. This is Shown 
schematically in Figure 2.1. 
The entire extrusion blow moulding process can be divided into 
three distinct and consecutive stages. These stages can be set down: 
1) _ Parison formation 
2) Parison inflation 
3) Cooling the moulding 
These stages can now be considered in greater detail, including a 
review of the opportunities for improvement and consequences of 
malpractice at the various stages: 
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Fig. 2.1 Schematic representation of the extrusion blow 
moulding process 
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2.1.1 Parison Formation 
The parison formation may involve two separate stages: 
(A) Preparation of a homogeneous melt. 
A homogeneous melt in respect of constitution, temperature and 
shear history is highly desirable, and essential if failures in critical regions 
of the final product are to be avoided.4 Important considerations 
are 1) the adequate dispersion of insoluble additives, including pigments; 
and 2) the dispersion, and preferable solution of base polymer if 
masterbatch techniques are employed. It does not appear to be 
appreciated that polymers are generally immiscible, this incompatibility 
extending to mixtures which simplistically might be thought completely 
miscible. Thus, LDPE or EVA copolymer is frequently used as a carrier for 
pigmentation, and increasingly these systems are being recommended for 
use with HDPE and PP. Two factors are liable to give trouble; first poor 
dispersion of the masterbatch gives smears which are lines of weakness due 
both to uneven pigment distribution and to the usually very low molecular 
weight of the polymer carrier. The weakness is exacerbated by the 
technical features resulting from incompatibility. There is also likely to be 
gross segregation of polymer carrier in regions of the product which have 
been subjected to slow cooling.6 
Examples from the earlier work, where material heterogeneity 
has contributed to unexpected failure include an integral hinge in PP 
joining two blow moulded components, an internal weld in a HDPE 
container and an external weld on a HDPE tank. The first involved a LDPE 
masterbatch as shown in Plate 2.1A; the second and third were based on 
carbon black dry colouring, as shown in Plate 2.1B. 
(B) Extrusion of the parison. 
The process of extrUding a parison involves many factors: first 
the mass must be within the plasticising capacity of the extruder; secondly 
the size and shape of the parison should be compatible with the object to 
be blow moulded; thirdly, the die profile should be related to the thickness 
requirements in the finished moulding; fourthly, thickness control in the 
A 
B 
Plate 2.1 
LDPE masterba tch in 
pp moulding 
Poor carbon black dispersion 3001lm 
in HDPE moulding ----'----
Com mon light micrographs of material heterogeneity 
in mouldings 
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longitudinal direction so that paris on thickness may be changed during the 
extrusion to compensate for gravity thinning; and finally, the extruded 
parison should be free of flow defects, such as "sharkskin", and of memory 
splitting of the melt by the spider, with imperfect reconstitution 
thereafter.8 
The first of these factors is manifested in an inability to provide a 
homogeneous melt, which is characterised by the presence of unmelted 
granules.- Regions where these occur obviously cannot behave as a true 
melt, and such granules act as pronounced stress concentrators in the final 
product. 
2.1.2 Parison Inflation 
The most fundamental stage of the process, the blowing of the 
parison to take up the shape of the mould, is likely to be the least 
troublesome, provided that the parison is of uniform temperature. Tensile 
forces are involved, and the process is mainly one of viscous flow at a 
relatively low extension rate, although a small amount of elastic strain 
may be present. In most practical cases, only very low blowing pressures 
are necessary, as can be confirmed by calculations from the appropriate 
extensional flow data. 7 ,8 
However, the blowing pressure required to withstand shrinkage 
forces exerted by the cooling moulding is higher than the pressure needed 
to inflate the parison at the blowing stage.9 Loss of contact between the 
moulding and the mould surface occurs, if the blowing pressure is unable to 
counteract the shrinkage stress. This occurs most severely for large 
section thickness and small overall dimensions of the container, since:10 
Hoop stress = Internal pressure x diameter 
2 x section thickness (2.1) 
This hoop stress is required to withstand a linear shrinkage strain of 
approximately 2% - 3%.11 
Appropriate blowing pressure to retain good contact between the 
moulding and the mould surface is obviously important, not only for 
optimum heat transfer but also for surface finish, since loss of contact 
before crystallisation would allow texture to develop on the surface. 
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2.1.3 Cooling the Moulding 
The most time-consuming element of the blow moulding operation 
is usually the cooling stage in which the moulding is cooled until it is 
sufficiently rigid to withstand removal from the mould and subsequent 
handling. Cooling is achieved principally through the mould but 
increasingly, by heat transfer from the interior of the moulding. 
Additionally, the effect of the cooling on the texture, and thereby on the 
properties, must be considered. Details of the cooling process are 
especially important for mouldings of thick section, say above 3mm, and 
much attention has been given to analysing and modelling these cases.12 
In respect of cooling through the mould, heat transfer is most 
effective when the moulding remains in contact with the good heat 
conducting mould surface, which is kept as cold as practicable, throughout 
the cooling stage. The temperature of the mould is limited by the dew-
point of the am bient air, since water condensation on the mould surface 
would impair the surface quality of the moulding.13 
As far as internal cooling is concerned, there are two factors 
generally involved: the heat transfer coefficient between the inner surface 
of the moulding and the pressurising fluid and the thermal capacity of the 
coolant. With the usual gaseous pressurising fluid, generally air, good heat 
transfer is achieved by rapid movement over the surface. The heat sink of 
high capacity can be provided by a variety of methods, including the 
circulation of a large volume of air, or the use of vaporisable fluids (liquid 
nitrogen, liquid carbon dioxide or water) which may enhance the cooling 
efficiency.14 
Although most blow mouldings used industrially are made from 
polyethylene or polypropylene, it should be appreciated that in using 
crystallising plastics there is an inevitable penalty at the cooling stage. 
This results from the release of the latent heat of crystallisation, which is 
of a similar magnitude to the total amount of heat to be removed from a 
moulding not subject to crystallisation. The latent heat of crystallisation 
is thus a very significant factor in the cooling process.15 
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A further feature concerning the crystallisation process which 
does not seem to be generally appreciated is the temperature at which it 
takes place. Many workers have not distinguished between the melting 
point (in the heating mode) and the crystallisation temperature (in the 
cooling mode). To exemplify this, polypropylene has a melting point of 
165°e but when the melt is cooled at rates similar to those encountered in 
processing, the crystallisation temperature is below 100oe. Thus, in 
modelling the process, it is imperative that the data appropriate to the 
conditions be used: this corn ment applies to all relevant data, including 
enthalpy (or specific heat), conductivity, density, viscosity etc. 
A consequence of rapid chilling is the development of particular 
morphological textures; fine structure is evident on the outside surface of 
many blow mouldings, provided that sufficient internal pressure has been 
available to maintain contact of the moulding with the mould surface. 
However, the bulk of thick moulding is cooled comparatively slowly leading 
to a much coarser sperulitic structure, whilst the inner surface may be of 
fine indefinite texture or show large well developed spherulites, depending 
on the cooling conditions. 16 It has been considered hitherto that the layer 
of fine texture defining the outer surface of a container is beneficial to 
mechanical properties, especially toughness, but recent evidence suggests 
that the morphological interface between the regions of fine and coarse 
texture might constitute a plane of weakness. 17 At the inner surface, the 
presence of a well-developed spherulitic structure, resulting from the slow 
cooling inevitable in a thick moulding if static air is the coolant, might be 
expected to lead to more facile cracking in environmental or pure stress 
ko °t to 18-20 crac mg SI ua Ions. 
There is no clear definition of the completion of the shape-
stabilisation or cooling stage, but it is usually assumed to be when all the 
polymer has solidified. There is little reason to retain the product in the 
mould after this time, especially for crystallising plastics. The modelS 
developed for the cooling process can forecast reasonably accurately the 
minimum time for release of the mould.13 
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2.2 Various Methods of Making Coolant Reservoir TankS 
Coolant reservoir tanks are now essential features of the modern 
car engine, providing an application area which is well suited to 
penetration by plastics materials. The function of the coolant tank 
requires that it be subjected to the potentially aggressive environment of 
antifreeze at elevated pressure and temperatures currently up to 135°C 
over a long time-scale. 
For a coolant tank of conventional shape there are a number of 
competing methods of manufacture. These can be subdivided into those 
methods which yield directly a hollow vessel, principally blow moulding and 
rotational casting, and those methods in which shaped sub-units are joined 
together to form the tank. Suitable sub-units can be shaped by injection 
moulding or thermoforming; the joining method is usually hot plate 
welding. 
Before· the manufacturer chooses which processing method to 
employ, there are three important and interacting factors to be considered. 
1) Method of manufacture, perhaps interacting most strongly with 
economics (numbers required) and with plastics shaping character-
istics (polymer type and molecular weight) 
2) Polymer type, affecting principally properties, particularly 
interaction with the contents; also cost and method of manufacture 
3) Molecular weight, or grade, determining the properties and 
interacting with the method of manufacture 
Clearly, compromise is necessary, as each competing method 
shows different advantages and limitations. 
2.2.1 Injection Moulding/Welding in Polypropylene 
This method of manufacture, which is in use commercially at 
present, is injection moulding the two halves, followed by welding. When 
process cycle time and the proper disposition of plastics material where it 
is needed are considered, these factors probably favour the injection 
moulding route, particularly for the very large numbers required for a very 
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popular car model, where the high mould costs can be spread over the very 
large numbers involved. Further, the injection moulded product is probably 
preferred on fine thickness tolerances and aesthetic grounds. 
This method of manufacture however places a limitation on the 
grade of polymer which can be employed; notably, injection moulding 
requires low molecular weight polymers for best results. 
The relevance of molecular weight in the present context is that a 
polymer of low molecular weight is less resistant to stress cracking, the 
incidence of which increases as temperature and stress are increased. The 
injection moulding process also results in the retention of high residual 
stress in the product. This residual stress adds to the imposed stress to 
give a greater propensity to stress cracking in the injection moulded 
unit. 21 There is the added point that the process of welding can increase 
the tendency to cracking. 
Consideration of these weakening factors leads, on balance, to a 
preference for the blow moulded version, especially for those vehicles at 
the high performance end of the range. 
2.2.2 Injection Moulding/Welding in Glass Filled Polypropylene 
The latest twist in the contending methods of manufacture is the 
unit fitted to the Austin Rover 'Maestro' and 'Metro', in which the pressure 
capabili ty has been achieved by the use of glass fibre reinforced 
polypropylene. The tanks were injection moulded in two sections and 
welded together. 
The important feature of this method of manufacture was to use 
glass reinforced polypropylene for improving stiffness of the cooling tank. 
However, as the tank has been injection moulded/welded, the fibre 
orientation, especially in the weld, conspired to make it less effective than 
might have been hoped. Also, filling with glass fibres impedes flow, 
forcing the choice of a polymer of yet even better flow and lower 
molecular weight. The result is a polymer which is not sufficiently strong 
at test temperatures. 
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2.2.3 Blow Moulding Process 
Why is the blow moulded tank a preferable version even for mass 
production cars? An important contributory factor is that polypropylene, 
albeit the best commodity plastics material for this application, is not 
perfectly suited to the job since it is susceptible to stress cracking in the 
presence of ethylene glycol. This has several important consequences. 
(1) It is usual to employ a polymer of considerably higher molecular 
weight for extrusion blow moulding compared with injection moulding; the 
higher molecular weight materials displays superior mechanical properties, 
including stress cracking resistance. 
(2) The blow moulded component has relatively less moulded-in 
stress. 
(3) The elimination of welding and the absence therefore of 
morphological interfaces from sensitive areas of the structure allows the 
accomodation of higher strains without failure which in its turn, allows the 
use of thinner sections to withstand a given working pressure. (Although 
welding is employed to fix and join external tubes, the joints are not in the 
critical stress regions of the blow moulded containers). 
However,. there are several disadvantages as one would expect 
when the blow moulded tank is chosen. 
(1) Poor thickness tolerance is inevitable in the complex shaped 
technical blow mouldings, as compared to simple bottle. Therefore, the 
blow moulding is most suitable for tanks of symmetrical, preferably 
cylindrical geometry, to ensure a reasonably consistent thickness; such 
shapes also facilitate design of the component by the application of 
standard stress analytical techniques (assuming a thin-walled cylinder or 
sphere). It would be desirable to have greater collaboration between the 
engine lay-out designer and the plastics technologist to this end, rather 
than the shape being dictated by the former with apparently little regard 
for the load-bearing or manufacturing requirements. 
(2) The presence of a well-developed spherulitic structure, resulting 
from the slow cooling is also inevitable at the inner surface in a thick 
moulding.19 This might be expected to lead to more facile cracking in 
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environmental or pure stress cracking situations. The increasing use of 
internal cooling to speed up the cooling process might modify the texture 
to advantage. 
2.2.4 Other Possibilities Thermoform ing/welding 
Rotational Casting 
In the manufacture of coolant tanks both the number of units and 
the technical performance required of the component dictate the method 
of manufacture. For tanks where the number manufactured is possibly a 
thousand or two, and for which the load-bearing capacity is not arduous and 
further, where contact with aggressive environments is most unlikely, 
rotational moulding offers a cost effective method of manufacture. It 
must be remembered that rotational moulding does not generate high shear 
forces, so that easy flow grades of polymer have to be used, that is, low 
molecular weight materials are essential. Thus satisfactory mechanical 
performance at low molecular weight is a prerequisite for plastics to be 
successful in rotational moulding. However, the temperature/pressure/ 
environment/time requirement of the coolant tank virtually eliminates 
rotational moulding as a competing method of manufacture. 
The thermoforming/welding method of manufacture can be 
disregarded in the present discussion as thermoforming is inappropriate for 
polypropylene. 
2.3 Design of Car Coolant Reservoir Tanks 
2.3.1 General Considerations 
As discussed in the previous sections, blow moulding is the 
preferred process for this application, if the car coolant reservoir tanks are 
required to withstand the pressure and temperature/time demands of the 
engine designer. 
However, one important limitation should be borne in mind. 
Extrusion blow mouldings are inflated from a cylindrical tube of the 
plastics melt, this means that to ensure a reasonably consistent thickness 
the tank must be of a simple geometry. The greater the deviation from 
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this ideal then the greater the strain required by the parison in forming the 
moulding. This results in an uneven thickness distribution in the tank with 
some regions being unnecessarily thick whilst others are dangerously thin 
and weak. 
Despite appreciation of the difficulties in the design of coolant 
reservoil' tanks the present method is fal' from ideal. The dimensions of 
the tank are decided by the engine layout designer and consequently its 
shape is governed by the available space in the engine bay, as he knows 
little of the load-bearing or manufacturing requirements of the tank. It is 
then left to the tank manufacturer to produce a tank that conforms to the 
engine designer's specification and also passes their proof tests. This 
results in a tank with irregular shape and uneven thickness distribution, 
and consequently uneven stress distribution throughout the tank during the 
proof pressure test and in subsequent service. 
2.3.2 Proof Pressure Test 
The object of a proof pressure test is to ensure that the coolant 
tanks al'e adequately designed and manufactured and will operate 
satisfactorily and reliably under the environmental conditions encountered 
in their intended use. The requirements of such a tank include resistance 
to pressure and temperature in the presence of a possibly aggressive 
environment - 'antifreeze'. 
The coolant tanks are subjected to different pressure tests 
prescribed by the different car manufacturers. For instance, the proof test 
of the Ford Fiesta coolant tank is in two stages. First the tank is heated at 
130·C at 16psi for two hours, then cooled to no·c at 18psi and held at 
this temperature for 250 hours. Throughout the test the tank is pressurised 
with antifreeze (ethylene glycol) mixed with the coolant water. 
This test attempts to simulate the worst conditions the tank is 
likely to meet during its service life; if the tanks do not leak afterwards, 
they have passed the proof test. 
Details of the proof tests are given in Table 2.1. 
Table 2.1 Proof testing conditions for a variety of coolant tanks 
Car Test condition 
manufacturer Model Environment Pressure Test condition 
5000 cycles at 120°C at 10 17psi 
Austin Rover Jaguar 100% antifreeze cyclic pressure * followed by 1000 cycles at 132°C 
at 10 17psi 
22,500 cycles at 110°C at 19.5psi 
Austin Rover Rover 100% antifreeze cyclic pressure * followed by 2,500 cycles at 120°C 
at 0-19.5psi 
Austin Rover Metro and Maestro 50% antifreeze Constant 2 hours at 130°C at 16psi followed 
(injection moulding) /50% water pressure by 250 hours at 110°C at 18psi 
Ford Sierra 50% antifreeze Constant 400 'hours at 105°C at 18psi 
(Injection moulding) /50% water pressure 
Ford Escort 50% antifreeze Constant 
/50% water pressure 400 hours at 120°C at 16psi 
Ford Fiesta 50% antifreeze Constant 2 hours at 130°C at 16psi followed 
/50% water pressure by 250 hours at 110°C at 18psi 
* In the pressure cycling test each cycle is 1 minute. 
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2.3.3 Design Data for the Coolant Reservoir Tanks 
When a plastics material is subjected to an external load, it will 
deform or fracture. This response to applied force is not linear and is 
generally described as viscoelastic because the material behaves partly as 
a very high viscosity fluid and partly as an elastic solid. The traditional 
engineering relationships used by the designer based on Hooke's Law are 
therefore inadequate for plastics materials. 
If the load is maintained for a long period the material will continue 
to flow as a high viscosity fluid. This introduces "creep" into plastics 
design. The amount of creep will depend on the temperature of the 
component under load, the length of time the load is applied and the stress 
level. The same information can be presented in various other ways by 
either a stress vs strain graph with curves at different times (isochronous 
stress vs strain curves) or stress at a given strain vs log time curve to show 
the maximum design stress (isometric stress vs log time curve). 
The maximum strength also varies with time and temperature. A 
designer faced with the problem of designing a component can use a 
criterion either of maximum stress or of maximum deflection. Generally, 
strain limited design is adopted for ductile plastics whereas stength is used 
as the basis for design with brittle materials and for brittle failure in 
otherwise ductile materials.22 However, both maximum strength and 
maximum strain were taken into consideration for the case of the design of 
the coolant tanks. 
2.3.4 Stress Relaxation. Measurement and Extrapolation of Results 
As polypropylene is a partially crystalline material, the 
deformational properties depend quite markedly on the degree of 
crystallinity. A ttalla 23 showed that the stress relaxation behaviour of 
polypropylene in the range of temperature between 20 and 40 QC is strongly 
influenced both by crystallinity and morphology. The increase in 
crystallinity and/or size of crystalline aggregates increase the relaxation 
modulus of the material. However, little or no data are available for the 
temperature range of 100 - 130 ·C. 
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To provide data for the design of coolant reservoir tanks, the 
proof testing of which includes pressurisation at elevated temperatures for 
long times in the presence of antifreeze (as shown in Table 2.1), stress 
relaxation data have been obtained under uniaxial tension over 24 hours on 
a number of candidate materials. Four different batches of ethylene 
modified polypropylene were examined, representative of materials which 
behaved very differently in proof tests on blow moulded coolant tanks. The 
detail of these materials will be discussed in section 3.4. Tensile bars of 
these samples were injection moulded and conditioned at the test 
temperatures of 110 - 130·C for 100 hours prior to the test. 
The apparatus used for the tensile experiments was an Instron 
TTCM, equipped with an environmental chamber capable of controlling 
temperature between-75 and 300 ·C. Load versus elongation curves were 
obtained at constant cross head speed of 5mm/min. The stress relaxation 
experiments were carried out by imposing a 5% strain (which had been 
accurately measured by a strain gauge extensometer) to the samples and 
recording the decaying stress response over a period of time from 10 to 
86,400 seconds. Tests were carried out at 110 and 130·C, which were the 
temperatures appropriate to low and high performance cars respectively. 
The relaxation measurements were then extrapolated to 250 - 400 
hours, with a reasonable expectation of safety, corresponding to the time 
scale of the pressure tests. 
2.3.5 Strength of the Polymer - Yield Stress as a 
Function of Temperature and Time 
Because strains in plastics are large in relation to the imposed 
stresses, engineering applications are governed by strain considerations to 
a much greater extent than are those of other materials. Often, however, 
there are no functional limits to the deformation of plastics components 
and their design is therefore governed by the magnitude of the maximum 
permissible stresses. Thus, the long term failure because of yielding and 
its dependence on time and temperature must be considered.22 
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The usual method of characterising the strength of metal or 
brittle plastic at room temperature is in terms of its tensile strength which 
is synonymous with stress at fracture or rupture. But for plastics which 
behave in a ductile manner it is necessary to recognise the existence of the 
yield stress which corresponds to the onset of large permanent 
deformations and which is usually defined by the point where the rate of 
change of the nominal stress with strain first reaches zero.24 
However, an instantaneous yield stress would still be inadequate 
to represent the strength of plastics because of the time dependence of 
strength. To obtain the required information it is necessary to resort again 
to tensile creep tests, but this time carried to the point of specimen 
rupture. In addition to their dependence on time, the mechanical 
properties of plastics are also markedly dependent on temperature. To 
cover this effect in terms of stress vs time to failure it would be necessary 
to generate a family of curves for a range of temperatures. 
Measurements of yield stress were made on specimens previously 
conditioned for 100 hours at the test temperatures of 110, 120 and 130°C 
at a cross-head speed of 5mm/min in the JJ tensile machine. With a gauge 
length of circa 75mm, this gave yield in about 300 seconds, which is too 
short a time scale to be directly relevant to the failure of tanks under test, 
for which failure times of 100 hours are more usual. The yield stress data 
were therefore adjusted to the longer time scale by a factor derived from 
the time dependence of the 5% relaxation modulus. This is based on the 
ratio of the yield stress at 110·C and 130·C being similar to the ratio of 
the modulus at these two temperatures. This is strongly suggestive that 
there is a common molecular feature controlling these properties and 
therefore the time dependence might be expected to be similar. 
A further series of experiments has been carried out to measure 
the yield stress of polypropylene at various temperatures ranging from 
20°C to 130°C. These data provide the means for calculating the 
thickness requirement of the pressure vessel at various operating 
conditions. 
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2.3.6 Thickness Requirement - Thin Shell Analysis 
It is a fundamental principle of good design that the minimum 
amount of material be used commensurate with adequate performance. 
Taking a coolant tank as an exam pie, the normal design procedure is to 
couple a specific value of design stress, derived from the long-term test 
data corresponding most closely to the anticipated service conditions, with 
a conventional stress or strain analysis of a structural idealisation. A thin 
shell theory for round-ended cylinders was adopted since it was similar to 
the tank shape, at least in some instances. Such an analysis requires 
relevant stress/strain/time/temperature data for the uniaxial tensile stress 
which has been discussed in the previous sections. 
This was the basis for estimating the minimum wall thickness of 
coolant tanks. The design problem was concerned with what would be an 
adequate wall thickness for such a coolant tank to withstand the 
temperature/pressure/environment/time requirements prescribed in the 
proof test. The thin shell formula used was 
Wall thickness = Internal pressure x Diameter 
2 x Hoop stress (2.2) 
The biggest problem was in deciding on a suitable diameter for 
the irregular shape of most tanks. It was decided therefore to take the 
easy course, and to treat the tank as a cylinder. Following recommended 
practice, a maximum strain of 3%* was suggested for polypropylene blow 
moulding, but the strain should be restricted to 1% for welded 
structures.25 
Two methods of calculation have been used in determining the 
thickness of the coolant tank. One of them was an initial crude calculation 
in which the design data were based on lel published results26 and a 
limiting strain of 3%. A more reliable approach was subsequently 
employed, when the required data became available from the stress 
relaxation measurements, embodying a strain limit of 5%. 
Although the loading stress, loading time and temperature are the 
most important variables affecting the design considerations and the 
subsequent thickness requirement of the coolant tank, they are by no 
* Although 3% is the recommended strain limit for polypropylene, it 
seems likely that some of the coolant tanks reach a higher strain, 
possibly 5%, during proof testing. 
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means the only ones which have to be considered. The others are 
materials, design features and fabrication variables, which, in particular 
circumstances, can be at least as important as stress, time and 
temperature. In consequence it is necessary to consider the variation of 
the failure stresses with these variables. 
2.4 Stress Cracking and Finite Element Method 
Although all coolant tanks with adequate thicKness have survived 
in the proof pressure test, they have experienced environmental stress 
cracking in the interior when subjected to the test with antifreeze 
environment. Among them, the Fiesta tank seems to be the worst case, 
since it suffered not only environmental stress cracking but also stress 
cracking in the concave surface of the outer face of the tank. 
The requirements of the Fiesta tank, as outlined in Table 2.1, are 
that it is able to withstand long periods at temperatures up to 130·C, 
pressure of O.124Mpa, as well as the effects of antifreeze solution. 
In response to such an outer-surface stress cracking problem, a 
collaborative research programme with the Mechanical Engineering 
Department was undertaken to discover the cause of the cracking. The 
research was in two directions. 
A polymer science approach set out to determine the structure 
and properties, in particular tensile failure and stress relaxation data of 
various sequential copolymers under the proof test conditions. Having 
provided all the required data, the other direction of study conducted by 
the Mechanical Engineering Department was to carry out a stress analysis 
of the coolant tank using the PAFEC finite element package. In particular 
to determine the stress levels around the large outer-surface stress crack. 
Finite element stress analysis was chosen as it is the most 
suitable method for the investigation of the stress cracking problem. This 
is because: 
(1) Experimental methods such as strain gauging or photo elasticity 
both required a test rig to be built. 
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(2) Other theoretical methods (e.g. classical plate and shell theory) 
normally cannot be computerised so must include many simplifications in 
the theoretical models of the coolant tank. 
(3) The "PAFEC" finite element system is a readily available stress 
analysis package. 
The first stage in a finite element stress analysis is to construct a 
model of the part to be analysed. This model is composed of a finite 
number of sections or elements. A computer program calculates the 
displacements due to the applied loads for each element and then combines 
them to work out the overall displacement of the model. The PIGS 
graphics facility was then used to obtain stress contour plots. 
Certain physical data are required for this model. They are listed 
as follows: 
(1) Youngs modulus E = 53 Mpa 
(2) Poissons ratio \} = 0.4 
(3) Density f " 0.9 x lO3kgm -3 
(4) Pressure P 
" 
O.124MPa 
(5) Element thickness t 
" 
5, 6, 8 and 10mm 
Of these, only the pressure (4) and thickness (5) affect the stress 
results. This is because stress is 'force per unit area' so only terms which 
either (i) control the applied force, i.e. internal stress pressure, or (ii) alter 
the cross-sectional area, i.e. wall thickness can have any effect on the 
stress in the model. Material parameters such as Youngs modulus and 
Poissons ratio only affect how much the model deforms for a given load. 
2.5 Other Factors Affecting the Design Consideration 
In the successful design of load-bearing plastics components, two 
aspects of long-term mechanical behaviour have to be considered, i.e. 
deformation and failure. For a particular design, such as the coolant tank, 
either or both of these criteria may be important. Deformational 
behaviour has been discussed in the previous sections, which indicated that, 
given relevant data, as stress and strain, the required thickness can be 
------
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selected for the design of a tank. However, dependent of the failure 
characteristics of the material, this design limit may have to be changed to 
meet durability requirements. Thus, if after taking into account the 
variables and factors required by the design specification, the material is 
known to be still predominantly ductile, then there will be no need to 
mOdify the design limits agreed and based on deformation. On the other 
hand, if any of the factors to be accounted for increase the likelihood of 
failure becoming brittle it may be necessary to reconsider the design 
criteria. 
2.5.1 Factors Promoting a Ductile-Brittle Transition 
Many factors conspire to make a normally ductile polymer behave 
in a brittle manner, especially in the long-term load-bearing performance. 
This section lists some of the main "offenders". This account rather 
artificially attempts to identify the responsibility as if failures had only 
one cause, but many of the factol"s interact, so that failures in practice 
result from a combination of factors. 22 ,27-29 
(a) Stress and design features. 
Polymel"s show several features of behaviour in corn mon with 
other materials, albeit some in a more exaggerated form. For example, 
cyclic loading, triaxial tension and biaxial stress all tend to make a 
nominally ductile polymer more brittle. Gotham 28 reported that cyclic 
loading at the same stress leads to embrittlement because of the higher 
rate of loading during a cycle compared with that under constant load. 
Thick sections of a polymer containing crack-like defects are likely to be 
more brittle than thin sections bec~ ,<se plane strain encourages the X 
development of a triaxial stress Whic~uppresses shear.29 Also biaxial 
stresses are more likely to promote brittle failure than uniaxial. 
Stress-concentrating features, such as holes and internal and 
external corners, are a major source of failure of products in service. It 
cannot be over-emphasised that the designer should minimise stress 
concentrations wherever possible or at least put as generous a radius on 
internal corners as he can. 
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Our observations indicated that a further source of stress 
concentration is the area on a moulding from which a gate, or even flash, 
has been clumsily removed: if this area is subjected to tensile stresses, the 
defects in surface finish can promote brittle failure in what may be an 
otherwise ductile material. Finally, when two parts are welded together, 
stress concentrations can be formed along the interface between resolidified 
and original material. 
(b) Processing features 
Shaping the polymer by melt processing introduces several 
features which can promote a ductile-brittle transition. Among these are 
the development of anisotropy by alignment of molecules or fibrous fillers; 
the cooling stage giving a distribution of microstructure throughout the 
wall thickness; and residual stress trapped by rapid solidification from the 
melt. 
Different shaping processes introduce different flows. In blow 
moulding, inflation of the parison produces tensile flows. In injection 
moulding the major flow mechanism is shear. Fast flow rates develop the 
greatest orientation, and fast cooling rates prevent relaxation leading to 
high residual orientation. This resultant orientation provides directions of 
weakness and a tendency to splitting along planes of weakness. 
Cooling from the melt introduces an internal stress distribution, 
the surface being rapidly cooled while the inside cools more slowly; this 
leads to a compressive stress in the plane on the surface and hydrostatic 
tension inside, with a resultant stress of zero to realise equilibrium. 
Partially crystallisable polymers also show a distribution of morphology 
rather than a uniform texture: the inside of a part has a higher crystallinity 
and is more brittle than the surface, because of its slow cooling. 
(c) Environmental factors. 
The nature of the ambient environment is also important. When a 
plastics article has to operate in a liquid, it may well be that the 
environment has no effect on the behaviour, particularly of crystalline 
polymers. On the other hand several different types of effect are possible. 
The most obvious is that the liquid may attack the polymer chemically, 
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reducing its molecular weight and causing cracking and eventual 
disintegration. 
Some liquids do not attack the polymer chemically and have very 
little or no effect in the absence of stress. Nevertheless, when the 
polymer is stressed and immersed, there may be a reduction in the critical 
strain for cracking. The combination of an apparently inert environment 
and an apparently innocuous stress can lead to cracking and brittle 
fracture. 
2.5.2 Environmental Stress Cracking 
Howard first defined this phenomenon as follows: 30 
"Environmental stress cracking is the failure in surface-initiated 
brittle fracture of a polymer specimen or part under polyaxial stress in 
contact with a medium, in the absence of which medium fracture does not 
occur under the same condition of stress. A combination of external 
and/or internal stresses may be involved, and the sensitising medium may 
be gaseous, liquid, semi-solid or solid". 
Hopkin Baker31 and Howard32 also suggested the generalised 
mechanism of crack intitiation and propagation. They hypothesised that 
the initiation step might involve absorption of a monolayer of polar 
molecules on the surfaces of a micro or submicrofissure in the surface of 
the polymer, with the adsorptive energy contributing a spreading pressure 
which when added to the other stresses present, produced a resultant which 
exceeded the resultant forces of the polymer at the apex of the fissure. The 
subsequent propagation step could be visualised as aided by the extreme 
notch-sensitivity of these materials, with growth of the crack largely 
dependent on the availability of intercrystalline or interspheruIitic 
boundaries traversed by relatively few polymer chains and held together 
chiefly by forces weaker than primary valence bonds. The concentration of 
such interfaces in a given unit of volume of polymer increases with 
increase in low molecular weight fraction of polymer and with increase in 
size of crystallites. Kafavian and others reported33- 35 that stress cracking 
is dependent on the structure and characteristics of the material in the 
· . 
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intercrystalline boundaries. From the above discussion it is obvious that 
ESC resistance of a material is influenced by 
(1) Nature and properties of the material 
(2) Type of ESC reagents 
(3) Processing and structural variables. 
In the present work, a variety of coolant tanks before and after 
their specified proof pressure tests have been examined; these were made 
by injection moulding/welding and blow moulding. To simulate the proof 
pressure test, a laboratory environmental stress cracking test was also 
carried out using the "Bell telephone test" method given in ASTM standar'd 
D1693:1975.36 A tensile bar or a strip cut from the compression and blow 
mouldings was used. The sample was then subjected to a controlled cut 
(imperfection) with a blade held in a jig. The test piece was bent into a U 
shape and placed in a sample retaining jig (i.e. Brass Channel). The entire 
assembly was immersed in flasks containing ESC reagents (which is 50% 
antifreeze and SO% water or 100% antifreeze). Various temperatures were 
set, ranging from 10S·C to 130 ·C. After appropriate ageing periods the 
samples were examined for failure by using reflected light microscopy or 
scanning electron microscopy. 
To understand the effects of cooling rate on the ESC, 
compression moulded samples made with different cooling rates were 
studied using the same laboratory environmental stress cracking test. Two 
compression mouldings were used; one was isothermally crystallised at 
125·C for 1 hour and the other was quench cooled into water at 2S·C, 
after melting originally at 230 ·C. 
2.S.3 Thermal Stress Cracking 
The previous discussion has centred on behaviour under 
environmental stress cracking conditions. However, experience also 
showed that coolant tanks made by sequential copolymer ruptured 
externally when maintained at elevated temperatures (I05°C - l30·C) in 
air for prolonged periods. It is evident that one of two things has 
happened. Either the polymer has been weakened by some chemical 
reaction, to an extent such that the material can no longer sustain the 
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stress imposed upon it, or a physical change within the polymer has brought 
about a redistribution of the internal stresses present to produce, in 
combination with the externally applied forces, a resultant exceeding the 
strength of the material at the point of failure. The former would most 
probably involve oxidation, since pyrolytic breakdown is very unlikely in 
the temperature range at which polypropylenes remain solid, while the 
latter could perhaps be considered as thermal stress-cracking which 
presumably involves purely physical changes within the polymer mass.37 
There are thus two different agencies (oxidation and thermal 
stress cracking) which apparently are capable of initiating superficially 
similar failures in polypropylene. This may lead to confusion and 
sometimes to the mistaken assignment of failures caused by one or other 
factor. 
To clarify the reasons of failure, the cracks initiated at the 
outside surface of the coolant tanks which had been tested to failure were 
examined. A laboratory test was also conducted by oven-ageing at 115 ·C, 
the test strip being cut from the tank and bent into a U shape and placed in 
a sample retaining jig. The entire assembly was then placed in the oven. 
The samples were examined for failure after appropriate ageing periods, 
infrared spectroscopy was also used to characterise the polymer so that the 
distinction between oxidative rupture and thermal stress cracking is 
unambiguous. 
Furthermore, the stress system was also taken into account, as 
biaxial stresses are more likely to promote brittle failure than uniaxial, and 
the stress failure region on the outside surface of the Fiesta tank was such 
a biaxially stressed region with double curvature. 
2.6 Thermal Properties of Polymer 
The study of thermal properties here embraces crystalline melting 
point, heat content (enthalpy), and thermal conductivity. These are 
essentially equilibrium properties, which means that time is not an 
important variable affecting them. However, they are not material 
constants because they are dependent to some extent on temperature. 
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2.6.1 Fusion, Crystallisation and Supercooling Characteristics 
The crystallites of plastics material vary in size and perfection, 
depending on local variation in molecular structure, such as chain 
branching, and on the thermal history of the sample. For these reasons, 
the melting of the crystallites of a plastics material is not a single 
catastrophic phenomenon occurring over a narrow temperature range, as is 
the case for crystals of low molecular weight organic compounds, but is a 
process which takes place progressively with increasing temperature.ll 
Conversely, when the solidification of molten material is 
considered, as the temperature falls below the melting point, the ordered 
crystalline state of the solid strives to emerge from the disorder of the 
liquid. However, the regular arrangement of molecules cannot arise 
instantaneously, for it takes time for the molecules to find their places in 
the developing structural lattice. Thus, for a crystalline polymer on 
heating, there is the characteristic range of temperatures before the 
crystallinity completely disappears, and on cooling, an appreciable 
supercooling is observed before crystallisation sets in. 15 
Therefore, supercooling is always shown by crystalline polymers 
. and may persist for many tens of degrees below the melting point. 
However, the magnitude of the effect depends on molecular factors: 
molecular weight, molecular weight distribution, the ease of crystallisation 
and on the rate of cooling. 
2.6.2 Exploitation of Supercooling 
Supercooling is most important in all processing operations for 
crystalline thermoplastics, as the conditions for crystallisation largely 
control the cooling cycle. However, there exists remarkably few data 
about polymers in the supercooled region. In this work, an attempt was 
made to exploit polypropylene in the supercooled region. 
A Du Pont 910 Differential Scanning Calorimeter (DSC) system 
was used with a Du Pont 910 thermal analyser (programmer/recorder) and a 
990 mechanical cooling accessory (MCA) for programmed cooling. The 
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sample weight was Smg throughout and all samples were sealed in 
aluminium pans. An empty aluminium pan was used as the reference. Each 
sample was subjected to the following programme: 
First heated at lOdeg./min. to 200 0 e and held at 200·C for 5 
minutes; then cooled from 200°C to 40°C at a programmed cooling rate of 
50, 5, or 0.5 degree C per minute. In this way, the fusion characteristics 
and the crystallisation behaviour including supercooling were observed. 
This was followed by fusion of the sample after the consistent thermal 
history. 
2.S.3 A Development of the Double Extruder System 
It was decided to investigate the supercooled region despite the 
paper in the literature by Van der Vegt38 ,39 reporting that pressure-
induced crystallisation occurred at 170·C, even when the sample had been 
preconditioned at 240·e to eradicate crystal nuclei. A double extruder 
system - in series - was set up to prove the ability to process 
polypropylene in the supercooled region. With this equipment (Fig. 2.2) an 
extruder operating at 240·C fed the Davenport Capillary Rheometer, 
which was operated at temperatures in the supercooled region. 
For most of the measurements two capillaries were used with 
length Omm (zero die) and 20mm (longer die). The die had a radius of 
O.65mm (L/R = 31) and entry angle of 60 0. Two sets of conditions were 
used in the experiment: 
(1) Group A (Samples without thermal treatment) 
The experiment was conducted by placing the sample in a ram 
extruder barrel (Davenport) at the measuring temperatures. After allowing 
ample time, 10 minutes, for temperature equilibrium, an apparent viscosity 
was measured by noting the pressure readings as the piston speed was 
increased by regular increments. 
(2) Group B (Samples with thermal treatment) 
The polymer was melted in an extruder operating at 240°C for 10 
minutes. The melt viscosity was then measured after the melt had been 
transferred from the extruder to the ram extruder barrel set at the test 
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temperature for 5 minutes. A Comark thermometer was used to record 
the temperature of the melt to be sure that the actual temperature 
did not exceed the nominal temperature. 
The grades of polypropylene considered in this study were: ICI 
'Propathene' HSE 110, sequential copolymer A, sequential copolymer B, and 
Hercules 'Profax' 7824. These are the materials used in blow moulded 
reservoir tanks. 
All the capillary dies used in the present work were tapered with 
an entry angle of 60°. It was recommended that taper entry angle can 
reduce the visible effect of melt fracture. 40 
The relationships employed in the calculations were: 
Wall. shear stress (Tw) = 
Nominal wall 
where 
, 
shear rate (r-a) 
viscosi ty (~) = 7:a ya 
R(i> PI - L> P 2) 
2(L1 - L2) 
(2.3) 
(2.4) 
(2.5) 
rand R 
i>P 1 anclOP 2 
The radius of the barrel and capillary, respectively. 
The pressure drops of the 20mm and Omm long die, 
respectively. 
Ll and L2 
Q 
Vp 
The length of the dies. 
Volumetric output. 
Speed of piston. 
2.6.4 Thermal Conductivity 
There have been 
conductivity of polymers. 
comparatively few studies of the thermal 
Most of these studies41 ,42 were confined to 
the range around room temperature which severely limits the 
understanding of the significance of this property during melt processing. 
Recently Hands and Horsfall43 have developed a method for measuring 
thermal properties of polymers over a wide temperature range. 
'Comark' 
I' 
11 "' 
.a 
11 g 
03 
I11 
II~ -
1 
1- _ 
Figure 2.2 
Temperature 
controller 
r.:... 
I I I I~ 
la Cl. '" Cl. 18 
'" -I~ I~ ., Q) 
I~ It: 
I I I 
'-
--- - ... 
- - -
- - - - 1- .... 
- ----e 
~ ~ ~~ ~ ~ 
i'« 'c 
31 
.... 1------'--- Piston 
• Band heaters 
ADDITIONAL HEATING 
BARREL 
r- - - - -i 'Comark' I 
~ 
~. 
~ 
DAVENPORT CAPILLAR Y 
RHEOMETER 
Thermal 
couple 
~ 
Heating 
barrel 
Ram 
extruder 
barrel 
polymer 
capillary 
Schematic diagram of experimental equipment 
for melt viscosity measurement 
32 
Thermal conductivity of polypropylene was seen 44 to decrease 
gradually with increasing temperature when the polymer is in the solid 
phase. On going through the melting temperature range there is a large 
decrease in the value of the conductivity, but in contrast to polyethylcne 
the temperature range is much broader. In the melt the conductivity 
continues to decrease gradually. 
Thermal conductivity apparatus The apparatus had an axis of 
symmetry as shown in Figure 2.3 (unpublished work of T. Adamski). The 
heat source was a disc of aluminium bronze with an electric heater inside. 
The heat source was rigidly supported by an insulating annulus in the centre 
of a cylindrical heat sink leaving space for a disc shaped sample on either 
side. The heat sink was completed by two end plates which were bolted on 
each end plate containing an expansion tube. The samples were 48mm 
diameter and 1.7-1.8mm thick compression mouldings. 
Operating procedures: The temperature of the heat sink was held 
at the desired value using a proportional controller. The power was 
supplied to the heat source by accumulators and its value was about 
1-1.5 watt in order to give a temperature difference across the samples of 
about 5°C. When steady state conditions were achieved, which took 
between ! to 1 hour, the voltages or power supplied, heat sink 
temperature, heat source temperature and temperature difference were 
measured. These were measured using a digital voltmeter which had a 
resolution of 1 pV on its most sensitive range. This procedure was 
repeated at different temperatures until the desired temperature range had 
been covered. 
In the calculations the following assumptions were made: (a) The 
conductivity did not vary across the samples. (b) The samples made good 
contact with the surfaces of the apparatus. (c) The samples and annulus 
were homogeneous and isotropic. (d) The surfaces of the heat source and 
heat sink were isothermals. 
By dimensional analysis it can be shown that, for a given choice of 
dimensions, the ratio of the conductivity of the pOlymer Kp' to that of the 
annulus, K A' is a function of dimensionless heat flux. 
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= (2.6) 
where W is the heat flux, .69 is the temperature difference, and h is the 
sample thickness. This function or instrument curve only needs to be 
obtained once, thereafter the conductivity is obtained from it. The details 
of the instrument curve and the calculation were reported by Horsfall.45 
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2.7 Heat Transfer in the Blow Moulding Process 
The cooling stage is usually the most time-consuming element in 
the blow moulding operation and there are significant economic advantages 
to be gained by optimising this stage of the process.46- 51 Ideally, such 
optimisation should be considered at the design stage, but even for existing 
machines, increased production rates could be obtained in many cases by 
improving the efficiency of the cooling process. 
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Cooling is achieved principally through the mould but 
increasingly, by heat transfer from the interior of the moulding. In respect 
of cooling through the mould, heat transfer is most effective when the 
moulding remains in contact with the mould surface. Adequate internal 
pressure is required to withstand the shrinkage force exerted by the cooling 
moulding for optimum heat transfer. 
Heat can also be extracted from inside the moulding by utilising 
liquid nitrogen, liquid carbon dioxide, moist air or circulating air.46- 50 
Internal cooling is particularly important for thick mouldings, arbitrarily 
defined as those exceeding 4 m m thickness. 
In all cases of internal or external cooling or both, the moulded 
component itself offers a large resistance to heat transfer. Thus, as the 
polymer cools and solidifies as a result of losing heat by conduction, large 
temperature gradients are set up because of the low thermal conductivity. 
The physical properties of the moulded part will depend upon this 
temperature distribution and upon the cooling rates achieved within the 
polymer during the processing cycle. It therefore follows that the cooling 
condition not only influences the production cycle time but also the quality 
of the moulded object and both factors have to be taken into account to 
optimise the process. 
In an attempt to evaluate the reductions of the cooling cycle time 
for a variety of operating conditions, a heat transfer model developed by 
Bradford University52 was employed. The thermal conductivity and 
enthalpy data of polypropylene over a wide temperature range were 
measured and they were subsequently written into the Bradford model 
after a suitable adjustment. 
2.7.1 Mathematic Model and Heat Transfer in 
Blow Moulding Process 
A mathematical model of the cooling step may be developed by 
considering the process as an unsteady, one-dimensional heat conduction 
problem accompanied by a change of phase. Such problems have been 
treated extensively in the literature. 53-55 However, for polymer material, 
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the physical properties are strongly temperature dependent, especially 
within the crystallisation range of the material. This necessitates careful 
consideration of the temperature dependence for the case of heat transfer 
calculations involving semi-crystalline polymers and thereby requires the 
use' of a numerical technique. Recently, a one-dimensional model of 
unsteady state heat conduction has been developed and applied to the 
cooling and solidification of a polymer in a blow moulding process by 
Edwards et al. at Bradford University.12,13 This approach includes a 
temperature-dependent specific heat term to account for latent heat 
effects during the phase change. 
With this model, the cooling and solidification of the molten 
polymer slab is simplified to the case of one-dimensional heat conduction, 
which can be described by the following equation relating the temperature 
T as a function of position in the polymer, X, and time, t, 
pc ClT = 
at (2.7) 
where f> is the density, C is the specific heat and K the thermal 
conductivity of the polymer. 53 The above equation can be solved by 
numerical analysis using the appropriate boundary conditions for the object 
when it is either inside or outside the mould.12 The solution enables one to 
evaluate the temperature distribution within the polymer as it cools. 
Data for enthalpy and thermal conductivity having been obtained 
and subjected to a suitable adjustment for cooling rate and for a cooling 
mode were then written into the Bradford cooling model. 
With the aid of this heat transfer model, the effects of a variety 
of operating conditions on the cooling time and properties of the moulding 
were studied. This included the effects of melt temperature, internal 
cooling and thickness of the mouldings. 
2.8 Blow Moulding Under Study 
The blow mouldings under study were of two types: 
(A) Half bottles produced by the Bradford laboratory rig 
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'(B) Coolant reservoir tanks manufactured by the commercial blow 
moulding machines. 
Generally, the practical trials were carried out on the half-bottle 
rig, to provide tests of the theoretical work and meaningful models for the 
commercial manufacturing process. 
2.8.1 Half Bottles 
An experimental rig has been developed by P .K. Suvanaphen and 
M. Edwards52 to simulate an industrial blow moulding process where thick 
walled components are produced. This rig consisted of a lin extruder with 
a die which produces a sheet "parison". The sheet of molten polymer was 
blown into a half bottle moulding as shown in Fig. 2.4. The temperature of 
the inside surface of the half bottle was measured by a radiation 
pyrometer. The temperature of the outside surface was measured by 
thermocouples. The gas temperature and pressure were also measured. 
Two series of experiments were conducted in the half bottle rig; 
they are (A) Study of the effect of blowing pressure and (8) Study of the 
effect of internal cooling systems. In the series A, a radiation pyrometer 
continued to record the temperature of the inside surface of the mouldings 
even after the mouldings had been removed from the mould. In the 
experiment 8, in order to prevent any possible damage to the pyrometer, 
the pyrometer was used to record the reheating effect of the inside surface 
of the mouldings after they had been removed from the mould. 
Polymer sheet produced on the rig was 17.8cm wide and 5-6mm 
thick. This was blown from one side of the mould to the receiving half. 
The stretch ratio here is 7f /2 and the half-bottle is 12.7cm diameter and 
20cm long. 
All the tests, including mechanical, thermal and morphological 
properties were conducted on the central 5cm square region which is of 
constant thickness. The convex and concave surfaces of the moulding are 
referred to as outside and inside respectively. 
(00 [ant 
7 
/ 
/ 
37 
//0 
· ~01---p ® 
Pyro -
meter 
I3low pin 
71---'{f) 
Fig. 2.4· Schematic blow moulding operation 
2.8.2 Coolant Reservoir Tanks 
One of the objectives of this program me is to examine in detail 
the manufacture of the containers which are subsequently stressed at 
elevated temperature in service, assessing the advantages and dis-
advantages of blow moulding compared with other shaping processes and 
the pros and cons of the various plastics materials. Therefore, a working 
relationship has been established with a company specialising in the 
manufacture of technical blow mOUldings and a range of their products 
chosen for detailed examination. These are the coolant reservoir tanks for 
cars and trucks, manufactured by R.B. Blowmoulders Ltd. 
38 
A number of commercial coolant tanks have been examined. 
These were tanks manufactured by blow moulding and injection 
moulding/welding, and are listed as follows: 
(A) Tanks manufactured by blow moulding: Transit, Escort, Sierra, 
Fiesta, Rover (two models), Jaguar, Acclaim and heavy duty tanks 
for Ford and BL. 
(B) Tanks manufactured by injection moulding/welding: Sierra, 
Maestro and Metro. 
Chapter 3 
BACKGROUND: MATERIAL AND 
DESIGN CONSIDERATIONS 
3.1 Development of Polypropylene and 
Ethylene-Modified Polypropylene 
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In 1954 G. Natta of Milan following on the work of K. Zeigler in 
Germany found that certain "Zeigler-type" catalysts were capable of 
producing high molecular weight polymers from propylene and many other 
olefins. He further developed these catalysts so that they were 
increasingly stereo specific. 56 These discoveries have led to the industrial 
production of stereo regular polypropylene, a rigid, easily moulded material 
with excellent chemical resistance and electrical insulation properties 
normally expected of polyolefines. Today 800,000 tonnes/year of propylene 
based plastics are being sold in Europe and this market is still increasing 
rapidly. 
Although polypropylene is a widely used thermoplastics material, 
it is embrittled by a small reduction in temperature. The unsatisfactory 
low temperature resistance, due to its relatively high glass transition 
temperature gives rise to the need to improve the toughness. 57 ,58 Two 
areas of research that have been investigated are physical blends of 
homopolymers with various types and amounts of rubbers; and coplymers in 
which the two monomers are present in the same reaction vessel, 
sometimes sequentially. 
3.1.1 Commercially Available Ethylene-Propylene Systems 
Polypropylene and ethylene-propylene rubber blends 
An early remedy of improving the toughness of homopolymer 
polypropylene was to blend it with butyl rUbber, but now preferably 
ethylene-propylene or ethylene-propylene diene rubber. 59 Although it is an 
effective method, these alloys are expensive because of the difficulty of 
making a fine dispersion of viscous rubber in polypropylene. Also the 
stiffness of the blends is noticeably inferior to that of the homopolymer. 
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A more useful approach was to introduce chemical modification 
at the polymerisation stage. Particularly attractive was the sequential 
polymerisation of two, or more, monomers. Properly prepared, these 
copolymers, sometimes called 'block' copolymers, have a somewhat better 
balance of toughness and stiffness than simple rubber blends. 
Two types of copolymer are available commercially; the so-
called 'block' polymers and random or statistical copolymers. 
Ethylene-propylene random copolymers 
Random or statistical copolymers are those in which, as their 
name implies, the ethylene is incorporated into the polymer chains in a 
purely random manner. The major incentive for synthesizing a random 
copolymer is to achieve homogeneous systems that display properties 
representing a weighted average of the two repeat units. The uniform 
random copolymers display one crystalline phase only, and the spherulite 
size is limited by the copolymerisation. This results in better optical 
transparency. The copolymerisation of ethylene and propylene to produce 
copolymers gives products ranging from partially crystalline plastics to 
amorphOUS elastomers. 
Ethylene-propylene 'block' copolymers 
The generally preferred solution to the problem of brittleness is 
the preparation of so-called 'block' copolymers of propylene and ethylene 
by sequential polymerisation, where the copolymerised ethylene resides in 
distinct regions of the polymer chain, or as a separate phase. 
Although it is frequently designated as 'block copolymer', very 
little or no data are available which describe the nature of the block 
segments. Cogswell and Hanson60 reported that in certain ethylene-
propylene end block copolymers, the material was not a true copolymer but 
an intimate mixture of two homopolymers; high molecular weight 
polyethylene dispersed in polypropylene of a lower molecular weight. 
Prabhu et al.61 - 63 on the other hand, have shown that true (AB)n-type 
ethylene-propylene block copolymers may be synthesised using a dry 
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Zeigler-N atta catalyst and a gas-phase polymerisation technique. Fusion 
studies by differential scanning calorimetry (DSC) have shown that both 
polyethylene and polypropylene blocks are present,64 two melting peaks 
are observed, one corresponding to polyethylene and the other to 
polypropylene. However, T.G. Heggs65 has found that the important 
species in the block copolymer, appears to be ethylene-propylene rubber, 
possibly attached to a polyethylene or polypropylene chain. He also found 
that the greatest toughness was achieved not with pure propylene and 
ethylene sequences, but with sequences of propylene and ethylene-
propylene rubber. The improvement in impact behaviour was achieved 
without too serious a deterioration in the rigidity. 
3.1.2 Copolymerisation of Ethylene and Propylene 
Various methods exist for the manufacture of olefine copolymers 
and these are reviewed extensively in the literature.66,67 'Block' 
copolymers of ethylene and propylene have been previously manufactured 
by the "Diluent Process". In this process one monomer after the other is 
passed into a hydrocarbon diluent (e.g. n-heptane or n-hexane) containing a 
Zeigler type co-ordinate catalyst in suspension. Since it is difficult to 
remove all the residual monomer, the junctions between the major blocks 
are probably tapered.68 
More recently a series of papers by Prabhu et al. 61 - 63 described 
the block copolymers manufactured using a "Gas Phase Process", that is, 
using a dry Zeigler type catalyst and gaseous monomers in a two stage 
reaction. This gas phase process is also used corn mercially; in the first 
stage polymerisation takes place in a propylene atmosphere, then after a 
predetermined time the polypropylene preblock, along with the active 
catalyst and some unreacted monomer, is transferred to a second vessel 
containing a mixture of ethylene and propylene. This gas phase process is 
used to obtain cleaner block sequencing than is possible in the diluent 
process. They also reported that this manufacturing technique yields 
predominantly true (AB)n type block copolymers in which the ethylene rich 
segment of the chain is chemically linked to the homopolymer 
polypropylene preblock. 
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3.2 Characterisation of Ethylene-PropYlene Systems 
3.2.1 Microstructure Analysis 
The principal interest in the ethylene-propylene copOlymers, 
especially in the crystalline ethylene-propylene block copolymers, arises 
because they provide an attractive aiternative route to overcome some of 
the deficiencies of polypropylene without seriously detracting from other 
desirable properties. 66,69, 70 Considerable research has been carried out in 
elucidating microstructure by a variety of analytical techniques. 
Differential scanning calorimetry (DSC): 
Ke, B64 reported that physical mixtures of polyethylene and 
polypropylene exhibited a single exothermic peak in cooling and block 
copolymers showed two exothermic peaks and claimed that this may be 
used to distinguish between homopolymer mixtures and block copolymers. 
However, P. Prabh<.(et al.68 demonstrated that thermograms cannot be used 
unambiguously to differentiate between a physical mixture of polyethylene 
and polypropylene and an ethylene propylene block copolymer. He pointed 
out that to prepare block copolymers, the catalyst must have a sufficiently 
long lifetime to permit sequencing of the monomer, and chain transfer 
reactions must be minimal; otherwise the reaction product will, at best, be 
a mixture of homopolymers and block copolymer. Additionally, Boor 73 
reviewed the literature and reported that lifetimes for Zeigler-Natta 
catalysts can range from minutes up to several hours, or even days. 
Infrared spectroscopy (IR) analysis technique: 
Qualitative comparisons concerning the crystallinity of ethylene 
copolymer blocks can also be made from an examination of the infra-red 
absorptions in the 769-714cm -1 region. Heggs65 reported that in amorphOUS 
copolymers the band frequency due to the CH 2 rocking mode decreases 
from 735 to 719cm -1 as the number of adjacent ethylene units increases 
from 1 to 3 or more. If the runs are sufficiently long for these chains to 
pack into a crystalline array, then the single broad absorption at 719cm-1 
splits into a sharp doublet at 719 and 730cm- l • Prabhu and Gilbert63 also 
showed that polyethylene crystallinity in the ethylene-propylene block 
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copolymer can be confirmed by the appearance of a doublet at 719cm -1 in 
an IR spectrum. 
Comparative infra-red absorptions at room temperature and at 
higher temperature have been used by Stein and associates. 74 They found 
that the doublet gradually converges into a singlet with increasing 
temperature in a manner similar to the decrease in crystallinity with 
temperature. 
Dynamic mechanical thermal analysis (DMTA) technique: 
Measurement of glass transition temperature holds considerable 
promise for qualitative examination of copolymer structure. As shown in 
Figure 3.lB Howard75 reported that toughened polypropylene showed 
modified damping behaviour in dynamic mechanical losses (tan.s) 
measurements below room temperature. The way in which this occurs can 
be most clearly demonstrated in the case of propylene homopolymer in 
which the amorphous part has a glass transition temperature near to 00 C 
(Figure 3.lA). 
As the glass transition temperature is often asso~iated with a fall 
in impact strength, there is a strong technical incentive to provide all or 
part of the rubber phase with a lower value of glass transition temperature. 
Since the ethylene-propylene copolymers are known to have a much lower 
glass transition temperature than propylene homopolymer, the introduction 
of ethylene into the system, either as blocks in the isotactic polypropylene 
chain or as a separated rubbery phase, may be expected to improve impact 
performance. This possibility is realised in the "polypropylene 
copolymers". These plastics, which contain small quantities of 
copolymerised ethylene, some of which may be in the form of a block 
copolymer, show a modified damping behaviour below room temperature 
(Figure 3.tB) and they have much better impact strength, expecially at low 
temperature. 
The precise position of this copolymer peak (Figure 3.1B) depends 
on the composition of the copolymer block. This was reported by 
Tuijnman 76 in his rubber-glass transition measurements of ethylene-
propylene copolymers. 
0.06 
0.04 
0.02 
'-D 0 
~O.06 
.... 
0.04 
0,02 
o 
(A) 
(8) 
- 100 -50 0 50 
Temperature QC 
Fig. 3.1 Damping behaviour of (A) polypropylene homopolymer 
and (B) toughened polypropylene 75 
44 
Heggs65 showed that greatest toughness was achieved not with 
pure propylene and ethylene sequences in the copolymers but with 
sequences of propylene and (propylene + ethylene). In his dynamic 
mechanical test, he showed that loss peaks at -30 to -35°C (characteristic 
of random copolymer sequences) with a small peak at -120°C 
(characteristic of -CH 2 sequences) indicating the presence of a separate 
phase. These copolymers still contain long sequences of polypropylene 
which crystallise in the usual 0( -form. Hence the product is only slightly 
less rigid than homopolymer, and still has a high softening point. 
By contrast, purely random copolymers, prepared by feeding both 
monomers simultaneously, have a quite different balance of properties. 
Small amounts of ethylene (one to three per cent) randomly inserted into 
the main polypropylene chain still permit substantial cl'ystallisation, 
although the crystalline form now includes additional r- structure. These 
chain irregularities, however, lower the melting point and the degree of 
crystallinity. 
Repin and Houben also reported that a marked improvement in 
the toughness of polypropylene can be achieved by introducing ethylene 
comonomer during polymerisation. They concluded from DMTA results 70 
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that block copolymers contained three separate phases, viz. a 
polypropylene matrix, an elastomeric phase and a polyethylene phase. 
3.2.2 Determination of the Composition of the Ethylene-
Propylene Copolymer - A New Method 
The importance of polymers containing both propylene and 
ethylene is undoubtedly increasing: varieties include random copolymers, 
sequential copolymers, and blends of polypropylene with ethylene polymers 
and copolymers. An important characteristic of such systems is the overall 
ethylene content, accepting that it may be present as partially crystalline 
or amorphous material. 
Infra-red spectroscopy is a favoured technique for polymer 
analysis, offering rapid, sensitive and reproducible results for polymer 
compositions on comparatively cheap eqUIpment.77- 78 
Wei79 proposed a method of determining the composition of 
ethylene-propylene copolymers by measuring the ratio between the 
absorbance at 8.711m (= 1150cm-l ) and the absorbance at 13.911m 
(720cm-1), with this ratio corresponding to the molar per cent of propylene 
in the copolymers. He also reported that polypropylene gives rise to many 
infra-red absorption peaks, and of these the propylene skeletal vibration at 
8.7 microns has moderate intensity and is not due to crystallinity. It also 
give/good indication of copolymer propylene content and was therefore 
selected for the purpose of this experiment. 
On the other hand, polyethylene has very few characteristic infra-
red absorption peaks. The most suitable peak occurs at 13.911m; this 
represents the block methylene rocking vibration, for blocks containing a 
sequence of three or more methylene units. 
Haslam and Willis80 have also reported that the only simple 
method of determining composition of ethylene-propylene copolymer 
appears to be by comparing the absorbance at 13.9 microns with that at 8.7 
microns. 
However, the above methods80,81 have always presented 
problems. The difficulty in the infra-red method is that the preferred 
---------------, 
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absorption band for ethylene is sensitive to the presence of crystallinity in 
the polymerised ethylene; indeed the band for crystalline polyethylene is a 
doublet and the existence of the two peaks confuses the analysis. 
Principle of the new method 
Infra-red scans of polyethylene and of ethylene/propylene 
copolymer rubber, both blended with polypropylene, show considerable 
differences at ambient temperatures in the 720-740cm -1 (13.9-13.5pm) 
region. Ethylene polymers which are crystalline show a doublet absorption 
peak, whilst the absorption of ethylene in amorphous ethylene/propylene is 
a single band. This negates the use of absorption at 720-740cm-1 as a 
measure of the ethylene content. The measurement of propylene content 
is possible by the band at 1165cm -1 (8.611m), which other workers have 
claimed is independent of the crystallinity of the propylene polymer.79 
Typical spectra in the region of interest for propylene homopolymer 
blended with 12% E/P rubber and with 10% high density polyethylene are 
shown in Figs 3.2A and 3.2B. 
A method of eliminating the crystallinity is by making the 
measurements at temperatures above the melting point of the crystalline 
polyethylene. Further, if this temperature is lower than the melting point 
of crystalline polypropylene, form stability of the film specimen is 
retained. It has been found that 145°C is a convenient temperature for 
testing, and all the high temperature scans have been run at this 
temperature. 
A somewhat similar technique for the analysis of ethylene-
propylene rubbers has been described by Corish and Tunnicliffe,81 although 
they used the marginal temperature of 120°C. This same temperature was 
employed by Gilbert, Briggs and Omana in their work on ethylene-
propylene rubbers.82 
Experimental Method: The instrument used was a Pye-Unicam 
infra-red spectrophotometer, SP3-200, fitted with a special variable 
temperature cell, capable of being maintained at a predetermined 
temperature. Calibration samples were obtained by extruder blending at 
the 1-2Kg scale. The samples were then compression moulded into films -
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15 minutes at 200·C - the specimens being contained between 'Melinex' 
films (ICI biaxially oriented polyester). The films were cooled rapidly in 
the press. During test, the sample temperature was monitored via an 
independent thermocouple, located adjacent to the film under test. To 
ensure that this arrangement gave an accurate measure of the film 
conditions, test runs were carried out with high density polyethylene film, 
for which the crystalline doublet transformed into a single absorption peak 
as the recorded temperature passed 135 ·C. All test runs were made in the 
range 145-150·C. 
3.3 Morphology 
3.3.1 Morphology of Polypropylene 
Polypropylene is known to crystallise in several forms and to 
exhibit various types of spherulites. Padden and Keith83,84 were the first 
to classify the spherulites into four types, on the basis of their optical 
properties and conditions of growth. Types I and II exhibit a well-defined 
Maltese cross in polarised light and can be differentiated only on the basis 
of birefringence, which for the first is positive, while the second is slightly 
negative. Both types are composed of monoclinic crystalline cells and 
were classified into the ~ -form. A more highly negative birefringent class 
of spherulites is that of type III and IV. They are crystallised in a 
hexagonal unit cell and were categorised as (3 -form.85 A r form was also 
observed, possessing a triclinic unit cell, but this has been obtained in bulk 
only at high pressure.86 
The formation of the particular polymorph depends on the 
crystallisation conditions (melt crystallisation or solution crystallisation, 
crystallisation temperature), the orientational order of the melt during the 
crystallisation and on the presence of additive such as nucleating agents in 
the material. 87 ,88 
The J..-form is commonly observed, when the crystallisation takes 
place either from the melt or from solutions. The r -form has been 
observed in Iow molecular fractions, which were crystallised from melts or 
solutions and in unfractionated material, if the crystallisation was 
performed at elevated pressure. The ~ -form is formed in addition to the 
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,;t-form and is also believed to be metastable with respect to the Cl-form. 
The conditions for obtaining the /3 -form are: 
(a) Crystallisation from the melt for crystallisation temperature 
ranging from 100°C to 130°C. 85 
(b) Crystallisation from an oriented melt. 89 
(c) Crystallisation from the melt in the presence of nucleating 
agents. 90,91 
In respect of ethylene-propylene copolymers, Turner-Jones92 
reported that random copolymers of propylene with minor amounts of 
ethylene and butene and other comonomers made with stereospecific 
catalysts develop mixed ~ and (" crystal forms on crystallisation by slow 
cooling from temperatures near the melting point. The proportion of 
r -form increases with increasing comonomer content. The development 
of (,-form was ascribed to the interruptions in the isotactic polypropylene 
sequences caused by the comonomer units. 
Information about thermal and structural properties of the ~ , e 
and Y form crystallinities is sparse in the literature. However, in the 
study of melting behaviour of polypropylene taken at a heating rate of 
10 deg.C/min. Lovinger and Chua88 showed that melting endotherms 
around 152°C correspond to the melting of the t3 phase, while the higher 
ones in the region of 167°C are the melting curves for the .:2.. spherulites. 
The melting of the f.3 -form and subsequent re crystallisation in to the 
form in the DSC curves obtained at the heating rates of 1 deg.C/min. and 
3 deg.C/min. were also reported by them. 
3.3.2 Morphology of Ethylene-Propylene Systems 
The incorporation ofel-hylene monomer into polypropylene has a 
profound effect on its physical and mechanical properties, and has been 
used to modify the properties of polypropylene for certain applications. In 
general, the effect of copolymerisation depends on the nature, amount, and 
distribution of the ethylene monomer. A knowledge of the morphology of 
the ethylene-propylene copolymer would be helpful in understanding and 
further improving the properties of copolymers. However, only a few 
morphological studies of ethylene propylene copolymers have been 
reported. 
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Methods for examining the morphology of rubber-toughened plastics 
and the influence of morphology on mechanical properties have been 
critically reviewed by Bucknall.93 Although optical microscopy has limited 
application because of the low resolution, it does provide a very useful 
technique in morphological studies. 
Curson and Louden94 were the first to demonstrate the 
occurrence of phase separation in ethylene-propylene block copolymer by 
using combined Differential Interference Contrast Microscopy (DIC) and 
Laser Raman Spectroscopy. They described the identification of a 
separated phase within the polypropylene matrix by means of DIC 
microscopy; then using the microscope to direct a beam of laser light at 
the separated phase, they analysed the Raman scatter and showed that the 
separated phase had the composition of an ethylene-propylene rubber. 
Recently, a separated phase in ethylene-propylene block copolymer was 
also reported by Prentice.95 ,96 He showed that the morphology of the 
separated phase, identified by DIC microscopy, depends on the method of 
manufacture, and the size of the separated phase in the gas-phase 
polymerised block copolymer is smaller than that in the diluent polymer. 
This separated phase was proposed to be rubber-like in character and to 
originate at the polymerisation stage as a consequence of the transfer from 
one monomer feed stock to another. 
The other effective method for studying the phase separation in 
more detail is Transmission Electron Microscopy (TEM). The morphology 
can be clearly seen by Kanig's method using chlorosulphonic acid vapour-
stained thin sections viewed by transmission electron microscopy.97 
Ramsteiner et al. 69 reported that in the copolymer matrix a profuse 
number of thin polypropylene lamellae are discernible. In addition, 
particles are embedded in the matrix, with amorphous regions and 
crystalline lamellae inside. Some of these lamellae enclosed in the 
particles are thicker than those in the pp matrix and are therefore 
believed to be polyethylene crystals. Although TEM observation of stained 
thin sections is a powerful technique for examining morphology of polymer 
mixtures, it requires considerable skill in ultramicrolomy to cut suitably 
thin sections. 
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Scanning electron m icroscopy (SEM) does not suffer this 
limitation. Surfaces for SEM examination have usually been obtained by 
fracturing the sample. The fracture surfaces have been examined 
directly,66,69 or after removal of the rubbery component therefrom by 
selective oxidative attack or solvent leaching.71 ,99 By the SEM technique, 
Kojima98 and Heggs66 separately reported that commercially available 
P-E block copolymers, solidified under proper crystallisation conditions, 
generally contain globular particles which are derived from the ethylene 
component. These globular particles are due to polyethylene of low 
crystallinity. 
3.3.3 Experimental Work 
To study the composition of the globular particles, a series of 
experiments were undertaken. This was based on a comparative method of 
study of microstructure and morphology of sequential copolymers and 
physical blends of polypropylene with ethylene polymers. 
3.3.3.1 Preparation of polymer blends 
Two blends were used in this study. One containing 10 parts by 
weight high density polyethylene for 90 parts by weight of polypropylene 
was made using 'Unifos' DMDS 0905 and 'Propathene' GWM 22, 
respectively. The other blend of the same polypropylene was made 
containing 12 parts of ethylene propylene rubber ('Intolan' 170A) per 88 
parts of polypropylene. These samples were obtained by solution blending 
the constituents in decalin at 180°C, drying off the solvent, homogenising 
. the sample and finally compression moulding. 
3.3.3.2 Preparation of the compression moulded plagues 
To elucidate microstructure of the globular particles, compression 
moulded plaques with two different thermal treatments were prepared. 
They were: 
(A) Slow cooled compression moulded plaques: 
The plaques were compression moulded at 230°C in the 
electrically heated press then cooled to 125°C at which temperature they 
L-_____________________________________________________ . __ . 
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were held for at least one hour. This procedure resulted in the specimen 
displaying large and well formed spherulites. 
(B) Quench cooled compression moulded plaques: 
The plaques were compression moulded at 230°C in the 
electrically heated press then quench cooled in water at room temperature. 
The polymers used for the above sample preparations were 
'Propathene' GWM 22 (propylene homopolymer), HDPE/PP (10/90) and EP 
rubber/PP (12/88) blends (as shown above) as well as a variety of sequential 
copolymers (as shown in Section 3.4). 
3.4 Materials 
3.4.1 Sequential Copolymers 
A major part of this research programme was carried out with 
'Propathene' HSE 110, a grade of sequential copolymer manufactured by 
IeI. In the later part of this programme, three development grades and one 
commercially available grade of sequential copolymers were also 
examined. All the sequential copolymers are listed in Table 3.1. 
Table 3.1 List of the sequential copolvmers 
Materials Melt Flow Index Manufacturer 
230 o C/2.16Kg 
1 'Propathene' HSE 110 0.65 IeI 
2 Sequential copolymer A 0.62 ICI 
3 Sequential copolymer B 0.72 ICI 
4 Sequential copolymer C 0.38 lel 
5 'Profax' 7824 0.39 Hercules 
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3.4.2 Polymers used for Polymer Blends 
Various polymer blends were prepared, and they were based on a 
variety of propylene and ethylene polymers. These polymers are shown in 
Table 3.2 
Table 3.2 List of polymers used for blends 
Commercial Name Specification 
1 Hercules 'Profax' 6824 Propylene homopolymer 
2 Hercules 'Profax' 7631 Sequential copolymer 
3 ICI 'Propathene' GWM 22 Propylene homopolymer 
4 'Unifos' DMDS 0905 High density polyethylene 
5 'Dowlex' 2045 Linear low density polyethylene 
6 Esso 'Escorene' Low density polyethylene 
7 Enoxy 'Intolan' 170A Ethylene propylene rubber (57/43) 
L-______________________________________________________ -- -
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Chapter 4 
DESIGN CRITERIA OF COOLANT RESERVOIR TANKS: 
RESULTS, DISCUSSION AND CONCLUSIONS 
4.1 Blow Moulded Tank 
4.1.1 Examination of the Blow Mouldings 
Economic production of blow mouldings entails working to a 
minimum wall thickness, both to use the polymer efficiently and for 
cooling considerations. Therefore the weight of the container and the way 
in which the material is distributed are important production consider-
ations; if the material distribution is poor the weight may be higher than 
necessary, without giving improved, or even adequate, overall strength. 
Blow moulding examined 
To exemplify the unsatisfactory state of the shaping process of 
the coolant tank by extrusion blow moulding, two Ford Escort coolant tanks 
were examined; they were 
Sample 
Sample X 
Sample Y 
Specification 
Ford SI AB - SK 21S AD/BD 53191/5 
Ford SI - SK 21S AD/BD 53191/5 
Thickness measurement 
Weight 
609 gram 
560 gram 
The thickness distribution of the two samples, X and Y, was 
examined by cutting each sample into five sections of flat plates, the 
thickness being measured with a micrometer. The sections are identified 
in the photographs, Plates 4.1 and 4.2, and the thickness measurements are 
presented in Figs 4.1A - 4.1H. 
Density measurement 
To obtain the density distribution throughout the thickness of both 
mouldings, microtomed sections of 120pm thickness were taken throughout 
L-_______________________________________________________ --- -
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the thickness of each moulding, and their densities were measured by a 
density gradient column (according to ASTM D1505-68 and BS 2782 part 
6 : Method 620A to 620D). The results are presented in Fig. 4.2 
Microstructure and surface replica 
Microtomed sections cut from the thin and the thick regions of 
both mouldings were examined with a Zeiss microscope using crossed 
polars. The micrographs are shown on Plate 4.3A and B. 
A surface replication technique has been developed in this 
research programme to study the surface texture of the mouldings. The 
surface texture of the thin and the thick sections of both mouldings were 
replicated using a thin film of Carboxymethyl Cellulose which accurately 
follows the contours of the surface. The films, after peeling off, were 
shadowed by a thin layer of aluminium and then examined by the Reichart 
microscope in reflected light mode. These are shown in Plate 4.4A and B. 
As shown in Figs 4.1A-4.1H thickness variation of both tanks (X 
and Y) is very wide, ranging from 3mm to llmm. Since the minimum 
thickness specified by R.B. Blowmoulders on performance grounds is 
2.5mm, the tanks as manufactured represent a considerable waste of 
polymer. Theoretical weights for the five sections have been calculated 
for a constant thickness of 3mm, giving a safety factor of 1.2, and these 
are compared in Table 4.1 with the actual weights of the sections. For 
these parts, the theoretical weight is only 38% of the actual, implying 62% 
of the weight of the tank is superfluous. 
Such a wide thickness variation could be attributed to the 
irregular shape of the Escort tanks being far from a symmetrical 
cylindrical geometry. This is because one of the important limitations in 
this blow moulding process is that the mouldings are inflated from a 
cylindrical parison. This means that to ensure a reasonably consistent 
thickness the tank must be of a symmetrical cylindrical geometry. The 
greater the deviation from this ideal then the greater the uneven thickness 
distribution in the resulting tank. Obviously, this results in the tank having 
some regions being unnecessarily thick whilst others are dangerously thin 
and weak. 
G 
,-----, 
, .~ 
Plate 4.1 Different view of tank, showing disposition of 
various sections taken for thickness measurement 
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Plate 4.2 Different views of tank, showing disposition 
of various sections taken for thickness 
measurement 
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Table 4.1· The Eossible wastage of Eol:t:mer in a 
t:t:Eical coolant tank 
Section Section Section Section Section Sum 1 2 3 4 5 
Calculate 
Volume, VT, 20.12 29.25 20.25 24.30 42.00 135.92 
(cm3) 
Theoretical mass 
required, W T' 17.98 26.14 18.10 21. 72 37.54 121.48 
(gram) 
Actual mass 
of the moulding, 48.65 77.5 41.00 53.28 100.40 320.83 
W A' (gram) 
Material 
wastage, W w' 30.67 51.36 22.90 31.56 62.86 199.35 
(gram) 
Percentage of 
wastage 63% 66% 56% 59% 63% 62% 
W w/WA 
* The above calculation was based on the five flat sections cut out from 
the sample B. Therefore, the mass (WA), 320.83 gram is far less than 
the actual weight of the sample B which is 560 gram. 
Studies of density and texture through the thickness of the 
moulding as shown in Fig. 4.2 and Plate 4.3 reveal that: (a) cooling of the 
inner surface is ineffective; (b) cooling of the outer surface is reasonable 
only where the section thickness is low and is virtually non-existent for 
thick regions. This suggests that the outer surface lost contact with the 
mould early in the cooling cycle. 
Loss of contact between blow moulding and mould surface for 
thick regions before crystallisation of the polypropylene was confirmed by 
a microscopical examination of surface replicas. From the comparative 
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photographs of thin and thick areas (Plate 4.4A and B) it was found that 
there is a considerable coarse grain texture (spherulitic texture) apparent 
on the outside surface of the thick region and only fine grain scattered on 
the otherwise featureless surface of the thin region. This is illustrated in 
Fig. 4.3. 
Insulating 
cushion 
... 
III / / / / / I I 
4.3A Spherulitic texture developed on the 
outside surface of thick section 
/ / / / /1 / / / / / 
.. Cold mould 
Surface of the 
... ---- moulding 
~ • Moulding 
.. Cold mould 
Firmly in--.... -
contac t L ' . .. .\ -
- .,;::-.. _-----
Surface of the 
moulding 
Moulding 
4.3B Fine grain or smooth surface on the 
outside surface of thin section 
Fig. 4.3 Illustration of the development of surface texture 
of a moulding 
From Plate 4.4A and B, it seems that the polymer on the outside 
surface of the thick section has crystallised into spherulites as a free 
surface. This is due to the introduction of an insulating cushion of air 
between mould surface and moulding when the moulding shrinks away from 
8 - ThicK region 
Plate 4.4 
A - Thin region 
Com mon light micrographs, showing surface replica of 
outside surface of Escort coolant tank 
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the mould during the cooling stage. However, the thin sections of the 
moulding were firmly in contact with the cold mould, thus the polymer on 
the surface did not have a chance to grow into a complete spherulite, and 
only the nuclei appear randomly on the surface. 
This loss of contact increases the cooling cycle significantly and 
the cause of it is undoubtedly the inab ility of the blowing pressure to 
withstand the shr inkage stresses. The detail of the blowing pressure 
required to counteract the shrinkage st resses and to enhance the cooling 
efficiency will be discussed in Section 5.1.4. 
4.2 Thickness Reguirement - Thin Shell Analysis 
The excessive thickness of much of a typical blow moulded tank 
has resulted in a waste of material, a poor surface finish and in extended 
cycle times because of the low thermal conductiv ity of polymer. This 
leads to further consideration of the des ign criteria, especially in the 
thickness requirement of the coolant rese rvoir tanks. 
4.2 .1 Stress Relaxation Measure ment 
In order to prov ide data for the des ign of coolant reservoi r tanks 
which are required for prolonged service a t an excess pressure of 1.5 ba rs 
(somet imes pulsated) at temperatu res of up to 135°C in the presence of 
antifreeze, s tress relaxation data at 5% st rain have bee n ob tained over 24 
hours loading on a number of candidate ma te ri als . These data were then 
extrapolated to 250-400 hours with a reasonable expecta tion of accuracy. 
The results are plotted in Fig. 4.4 a nd the derived relaxa tion modulus data 
(for 5% strain, 300 hours) are recorded in Table 4.2, where the consistency 
of the ratio Modulus 110°C/lVl odulus 130°C can also be observed. 
Table 4.2 Relaxation Moduli as a function of temperature 
Polymer Relaxation Moduli (MPa) Ratio of 110° C 130°C MllO/M130 
"Propathene" HSE 110 56 39 1.44 
Sequential copolymer A 53 34 1.56 
Sequential copolymer B 54 38 1.42 
"Profax" 7824 47 34 1.38 
Mean 52.5 36.25 1.45 
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4.2.2 Tensile Yield Strength as a Function of Temperature and Time 
In the early part of this programme, tensile stress versus strain 
data have been obtained for Propathene HSE 110 injection moulded 
specimens for temperatures up to 120·C. These were used for the initia l 
crude calculation of thickness requirement in the thin shell stress analysiS. 
The results are plotted in Fig. 4.5 a nd show that the 20·C data should be 
multiplied by the following factors for temperature correction (Table 4.3). 
Table 4.3 Temperature correction for tensile stress 
Temperature 105°C 110°C 120·C 130·C 
Correction factor 0.255 0 . 23 0.21 0.18 
Measurements of yield stress were also made on specimens 
previously conditioned for 100 hours at the test t emperature (110, 120 and 
130° C) a t a cross-head speed of 5mm/min. With a gauge length of circa 
75mm, this gave yie ld in about 300 seconds, which is too short a tim e scale 
to be directly rele vant to the failure of tanks under test, for which fa ilure 
ti mes of 100 hours s re more usual. Data for yield s tress a t 300 seconds for 
the four polypropylene materials are given in Table 4.4. 
The overall ratios: YS 1l0/YS 130 are, in order, 1.41, 1.44, 1.44 
and 1.47, giving a mean ratio of 1.44, in remarkable agreement with the 
value of l.45 from the relaxation modulus data in Table 4.2. This is 
strongly suggestive that similar polymer response mechanisms underlie 
these two proper ties , giv ing us confidence to 'adjust' the yield s tress da ta 
for other tim e scales on the basis of the time dependence of the 5% 
modulus results given in Section 4.2.1. The multiplying factors for 
transforming the 300 seconds yield stress data of Table 4.4 to failure a t 
100 hours are: 0.62 at 1l0·C and 0.60 at 130·C. These are shown in Table 
4.5. 
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Table 4.4 Yield stress as a function of temperature 
Yield stress (MPa) Ratio 
Polymer 
1l0oe 120 0 e 130 0 e YS110/ YS120/ YS110/ YS120 YS130 YS130 
'Propathene' HSE 110 5.70 4.92 4.05 1.25 1.16 1.41 
Sequential copolymer A 5.40 4.71 3.75 1.23 1.18 1.44 
Sequential copolymer B 5.68 4.78 3.94 1.29 1.13 1.44 
"Profax" 7824 5.37 4.54 3.66 1.26 1.15 1.47 
Mean 1.44 
Table 4.5 Yield stress as a function of temperature and time 
Polymer 
'Propathene' HSE 110 
Sequential copolymer A 
Sequential copolymer.B 
"Profax" 7824 
Yield stress 
at 300 secs 
110 0 e 130 0 e 
5.70 4.05 
5.40 3.75 
5.68 3.94 
5.37 3.66 
Yield stress 
at 100 hrs 
110 0 e 130 0 e 
3.53 2.43 
3.35 2.25 
3.52 2.36 
3.33 2.20 
In the comparison of the four different grades of polypropylene 
with respect to the stress relaxation moduli and yield stress, it appears 
that among them the 'Propathene' HSE 110 has the highest strength, whilst 
the 'Profax' 7824 has the lowest. 
4.2.3 Consideration of Thin She!1 Stress Analysis 
Shape and the strain limit of the tank 
With the design data reported earlier, the thickness requirement of 
the coolant tank can be obtained by applying thin shell theory in the design, 
although it is difficult to cope with the shape which for most tanks is very 
irregular and not capable of simplification into a geometrical regular 
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component. Further, the strain limit was imposed arbitrarily on the tanks, 
this is recommended as 396 for homogeneous structures but only 196 when a 
weld is encountered in the critical stress region. However, inspection of 
tanks under pressure test revealed a strain of approximately 596. Since 
these tanks proved satisfactory in service, one is forced to a strain limit of 
596 for the tank to remain competitive. The 196 strain limit is also 
appropriate for the glass fibre reinforced polypropylene. 
Consideration of the proof pressure test 
The proof test sometimes consists of sequential treatment at 
different temperatures, the reason for which is obscure. However, it is 
possible to transform the time and various temperatures to treatment at a 
specific temperature by making an assumption of energy of activation. 
The assumption is that increase in 10 deg. C is equal to a doubling of the 
rate of any active process. For instance, the test for the Ford Fiesta tank 
is 2 hours at 130°C followed by 250 hours at 110°C, and this is 
transformed into 258 hours at 110°C. However, we cannot guarantee that 
the treatment at different temperatures does not have more far reaching 
consequences perhaps by melting of one of the constituents. This means 
that the higher temperature of 130°C is almost certain to be higher than 
or about the melting temperature of any crystalline polyethylene present 
so that the morphology of the material may be affected considerably by 
the short time at 130°C and the effect may be considerably greater than 
the additional 8 hours at 110°C. 
The proof test sometimes involves a cyclic pressure test. In the 
calculations the cyclic pressure test was treated as a constant pressure 
test, and the highest pressure in the cyclic pressure test was also chosen. 
For example, the test condition of the Jaguar tank is 50000 cycles at 
120°C at 10-17psi followed by 1000 cycles at 132°C at 10-17psi; and this 
test condition is transformed into 866 hours at 120°C at 17psi. The fatigue 
element in this type of proof test is ignored. 
With reasonable expectation of accuracy, it was also assumed that 
the stress relaxation data at 120°C are equal to the average stresS 
relaxation data between 130°C and 110°C. 
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4.2.4 Calculation of the Thickness Requirement 
The calculation is based on the thin-shell analysis and the formula 
used is given in Chapter 2. 
Wall thickness = Internal pressure x Diameter 
2 x Hoop stress (2.2) 
Two methods of calculation were employed in determining the minimum 
thickness requirement of the coolant tank; they are Method A and Method 
B. 
Method A 
This was used in the early part of the research program me in 
which the design data were based on published ICI data and a limiting 
strain of 3% was adopted (1 % strain for welded structures). Tensile stress 
versus strain data and the temperature correction factors have been 
obtained and shown on Fig. 4.5 and Table 4.3. The time dependent data for 
a propylene copolymer are taken from the 'Propathene' booklet, pp 109, 
Fig. 10 (2b). 
With the above data and the formula, the thickness requirement 
of the coolant tank can then be obtained. 
Method B 
Method B was subsequently employed, when the required data 
became available from the stress relaxation measurements embodying a 
strain of 5%. 
In this method, the data employed for the calculation are the 
stress relaxation measurement reported in Section 4.2.1. These data are 
shown in Fig. 4.4 and Table 4.6. 
The required thickness of the coolant tank was then calculated by 
using equation 2.2. 
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Table 4.6 Stress relaxation data at various time intervals 
Stress relaxation data (MPa) 
Sample HOoC 130°C 
10secs 300hrs 400hrs 10secs 300hrs 400hrs 
Old "Propathene" HSE HO 5.80 2.81 2.69 3.78 1.94 1.87 
Diluent 5.32 2.66 2.54 3.48 1.71 1.64 
Gas phase 5.48 2.71 2.59 3.86 1.91 1.83 
"Profax" 7284 4.93 2.38 2.26 3.45 1.66 1.58 
Details of the calculation can be exemplified by the thickness 
requirement of the Escort tank: 
The diameter of the tank is 14.8cm = 148mm. 
The proof pressure test is 400 hours at 120°C at 16psi (= 0.110MPa). 
Method A 
The time dependent data are taken from ICI published data. 26• 
The tensile stress data and the temperature correction are taken from Fig. 
4.5 and Table 4.3. Whence 
Stress at 120°C, 1% strain and 400 hours is 0.7MPa 
Stress at 120·C, 3% strain and 400 hours is 1.48MPa 
Thickness requirement for the Escort tank made by 
(1) Injection moulding/welding is 
t = PD = 1l.6(mm) 
2S 
(2) Blow moulding 
t = PD = 5.5(mm) 
2S 
Method B 
The time dependent data for a sequential copolymer are taken from the 
stress relaxation data shown in Fig. 4.4. Whence 
Stress at 120°C, 5% strain and 400 hours is 2.09MPa 
Thickness requirement for the 'Escort' tank made by 
(3) Blow moulding is 
i 
I 
I 
L-__________________________________________________________ __ __ _ -.-~ 
t = PD = 3.9(mm} 
2S 
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Similarly, the thickness requirement for the rest of the tanks can 
be calculated, and the results are shown in Table 4.7. 
Clearly, it can be seen that the choice of manufacturing process 
plays a very important role in determining the minimum thickness 
requirement of the coolant tanks. In fact, the high values for the Ford 
Sierra tank, Austin Rover, Metro and Austin Rover, Meastro header tanks 
result mainly from the restriction of a maximum of 1% strain imposed by 
the welded structure and by the glass reinforcement for the Metro and 
Maestro tanks. This is clearly demonstrated by the thickness difference of 
the Metro coolant tanks (shown on the above calculation) made by blow 
moulding and injection moulding. 
The very large thickness of the Rover coolant tank largely results 
from the high value of equivalent diameter used in the calculation. 
Since tanks which are going to fail do so at about 100 hours, the 
stress relaxation data corresponding to 5% strain and 100 hours which have 
been used for the thickness requirement calculation are also compared with 
the yield stress at 100 hours, deriving thereby a safety factor. As shown in 
Table 4.8 the safety factor in Method B worked out somewhere near 1.15 
is hardly satisfactory and indicates that the minimum thickness was derived.* 
The calculation of the thickness requirement of the coolant tanks 
based on the thin-shell theory has been proved satisfactory. This is evident 
by injection moulded coolant tanks made by the competitors, in which the 
tanks with the thickness less than the requirement have failed in the 
ductile manner (Section 4.7) in the proof pressure test. Also, the extrusion 
blow moulded coolant tanks with required thickness have passed the proof 
test or, at least, none of them have shown evidence of ductile failure. 
However, non-ductile failure i.e. stress cracking and environmental stress 
cracking problems, were encountered during the proof pressure test of the 
coolant tanks. This problem is most severe in the concave face of the 
Fiesta tank, in some cases the crack depth is sufficient to penetrate the 
tank wall causing it to leak and fail the test. This will be discussed in the 
next section. 
* 3% strain is obviously very near the limit, and the tank with stress 
concentration particular in the weld cannot tolerate this strain. 
1 
2 
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5 
6 
7 
8 
9 
10 
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* 
Table 4.7 Thickness requirement for coolant tanks 
Method A Method B 
Method of 
Manufacture Strain Derived Strain Derived (%) thickness (mm) (%) thickness (mm) 
Sample 
Ford Escort Header Tank Blow Moulding 3 5.5 5 3.9 
Ford Escort Header Tank Injection Moulding 1 11.6 
Ford Fiesta Header Tank Blow Moulding 3 4.8mm 5 3.0 
Ford Sierra Header Tank Blow Moulding 3 5.0mm 5 3.2 
Ford Sierra Header Tank Injection Moulding 1 9.8mm 
Austin Rover, 'Metro' Header Tank Injection Moulding 1 10.6* (3.5) 
Austin Rover, 'Maestro' Header Tank Injection Moulding 1 10.5* (3.5) 
Austin Rover, Rover Header Tank Blow Moulding 3 6.9 5 4.9 
Austin Rover, Jaguar Header Tank Blow Moulding 3 4.7 5 3.1 
Austin Rover, 'Metro' Header Tank Blow Moulding 3 5.4 5 3.3 
Austin Rover, 'Maestro' Header Tank Blow Moulding 3 5.4 5 3.3 
The calculation of the thickness requirement for the Metro and Maestro tanks (made of glass filled polypropylene) are also 
based on the design data of sequential copolymer, since the design data for glass filled polypropylene were not available. The 
general expectation is an increase in modulus by a factor of 3, leading to a decrease in thickness by the same factor - the 
new values are shown in brackets. 
00 
Cl 
Table 4.8 Safety factor in the thickness calculation by Method B 
Result 110° 130 0 e 
Polymer Yield stress Stress relax- Derived Yield stress Stress relax- Derived 
at 100hrs ation at 100hrs safety factor at 100hrs ation at lOOhrs safety factor 
Old HSE 110 3.53 3.165 1.12 2.43 2.165 1.12 
Dil HSE llO 3.35 3.099 1.08 2.25 1.92 1.17 
Gas HSE 110 3.52 3.044 1.16 2.36 2.13 1.11 
Profax 7824 3.33 2.736 1. 22 2.20 1.85 1.19 
--------- -,-
Average safety factor 1.15 1.15 
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4.3 Environmental Stress Cracking 
Ideally, ethylene-modified polypropylene appears to be the most 
appropriate plastics material for the coolant reservoir tanks. However it is 
not an entirely suitable material in this application, as ethylene glycol 
solution, the usual antifreeze, is mildly active as a stress cracking agent 
for polypropylene. This is a matter of some significance in the application 
of polypropylene as this failure by cracking may shorten the life time of 
the coqlant tank and lead to difficulties in the calculation of the wall 
thickness requirement of the coolant reservoir tanks. 
4.3.1 Examination of the Blow Moulded Tanks 
A variety of coolant tanks have been examined, listed in Table 
4.9. Most of the tanks have been subjected to the specified proof pressure 
test in the presence of antifreeze, as described in Table 2.1. 
Although most of the tanks have experienced cracking in the 
inside surface at the end of a stringent approval test, the tanks proved 
satisfactory in the proof test when they had been made in 'Propathene' HSE 
11 0, Profax 7824 and sequential copolymer C. However, tanks have proved 
unsatisfactory when they had been made by sequential copolymers A and B. 
This is clearly demonstrated in the tanks designed for the Ford Fiesta, as 
shown in Table 4.9. 
Preliminary examination 
A preliminary examination of these tanks did not reveal any 
evidence of unsympathetic fabrication; a view which was generally 
confirmed by the detailed analysis of the microstructure. 
On cutting open the tanks (tanks 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12 in 
Table 4.9) after proof pressure tests, it soon became clear that they all 
showed several regions in which cracking had occurred, and most of the 
cracks initiated at the inner surface. Examination with a simple low power 
microscope extended these observations and showed that the general 
character of the cracked regions was that normally associated with 
environmental stress cracking. Their appearance is unusual for cracked 
Table 4.9 Blow Moulded coolant tank under examination 
Samples Material employed Environment in the Test proof pressure test* result 
1 A ustin Rover, Jaguar Propathene HSE llO Not being tested 
2 Austin Rover, Jaguar Propathene HSE 110 Pure water pass 
3 Austin Rover, Jaguar Propathene HSE llO Antifreeze + wa ter pass 
4 Austin Rover, Rover Propathene HSE 110 Antifreeze + water pass 
5 Ford, Escort Propathene HSE 110 Antifreeze + water pass 
6 Ford, Sierra Propathene HSE 110 Antifreeze + water pass 
7 Ford, Sierra Sequential copolymer A Antifreeze + water failure 
8 Ford, Fiesta Propathene HSE 110 Antifreeze + water pass 
9 Ford, Fiesta Sequential copolymer A Antifreeze + water failure 
10 Ford, Fiesta Sequential copolymer B Antifreeze + water failure 
11 Ford, Fiesta Profax 7824 Antifreeze + water pass 
12 Ford, Fiesta Sequential copolymer C Antifreeze + water pass 
* The detail of the proof pressure test was reported in Table 2.1 
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polypropylene, or ethylene modified polypropylene. Plate 4.5A shows the 
general character of the cracked region of a typical tank after proof 
pressure test with antifreeze. 
This crack shows it to be a result of a brittle stress rupture of the 
tank wall. If ductile flow had been a major failure mechanism the tank 
would have "blown out" like a balloon and there would have been a large 
whitened area indicating extensive ductile flow before bursting. This was 
not the case. 
4.3.2 Comparative Study of the Coolant Tanks 
To understand the crack initiation in the inner surface of the 
tank, and whether it is related to the presence of antifreeze, a 
comparative investigation was concentrated on three Jaguar tanks made by 
blow moulding. These tanks are shown in Table 4.9, in which the tanks 2 
and 3 were subjected to an identical proof pressure test as described in 
Table 2.1; however the latter was tested in the presence of antifreeze and 
the former tested with pure water. Tank 1 was not subjected to any proof 
pressure test. 
4.3.2.1 Visual examination 
A visual examination of these three tanks showed diffused yellow 
streaks in tank 3. On cutting open these tanks it was found that fine 
cracks were only observed in several regions of the tank 3 which had been 
tested with antifreeze, and all these cracks initiated at the inside surface 
(Plate 4.5B). However, no cracks whatsoever were produced when the tank 
was pressure tested with pure water, as shown in Tank 2 (Plate 4.5B). 
This result seems to suggest that the cracks initiated at the inside 
surface of tanks were associated with the presence of antifreeze during the 
proof pressure test. 
4.3.2.2 Microstructure examination - light microscopy 
Thin sections were cut from various tanks and examined in a Zeiss 
polarising microscope. Plate 4.6A shows such a section which is a typical 
microstructure across the thickness of the tanks under examination, the 
A 
B 
Plate 4.5 
General character of cracks 
developed in proof t es t 
Examination of tanks tested with 
various environments: 1 - un-
tested; 2 - pure water; 3 -
antifreeze 
15mm 
15mm 
Examination of the Jaguar coolant tank 
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fine texture in the outer and the coarse texture in the inner surface . The 
size of spherulites is in the range of 150-2001lm in the interior and 21lm on 
the outer surface, indicating unbalanced cooling rates across the thickness 
of the moulding with the cooling rate in the inside surface being 
exceptionally low . 
The brighter crys talline texture of (3 - for m spherulite crys tallis-
a tion as shown in Plate 4.6A also indicates that a high cooling rate 
occurred in the ou ter region of the mouldings. 
When the cracked J aguar t ank was examined, it was seen that the 
crack essentially init ia ted in the boundary zones of the original spherulites 
a t the inside surface and then ran along spherulite boundaries as well as 
along radia l or tangential trans-spherulitic paths, when the crack 
propaga ted toward the cen tre of the moulding. This is shown in Plate 4.6B 
and Plate 4.7, la ter. 
If the crack paths found in this ma terial could be correlated with 
the crack res istance, it seems to be ev ide nt, from the microscopic 
observa tion, that the boundary of large sphe rulites possesses the least 
specific resistance to crack propagation. 
con firm ed by scanning elec tron micrographs. 
! 
I 
This observa tion will be 
The average size of spheruli te ih the inside surface of the tank 3 
is less than that of tank 2. This unexpected result could be a ttr ibuted to 
the diffe rent fraction of recycled ma ter ia l and/or processing condi t ions 
employed in the coolant tank manufacturing process. A dec rease in the 
size of spherulitic texture by the inclusion of recycled material in na tural 
polypropylene has also been reported by D. Williams.104 
4.3.2.3 Microstructure examination - scanning electron microscopy 
A scanning electron microscope (Cambridge Stereoscan S2A) was 
also e mployed to examine the inner surface texture of various coolant 
tanks . The typical surface texture in t he interior of the coolant tanks is 
clearly shown by tank 1 (Table 4.9) and in Pla te 4.7A. Huge spherulit es 
with distinguishable boundaries are strongly suggestive that extremely slow 
cooling was employed in the interior of this tank. It was also noticeable 
that surface spherulites contain many voids and even large holes; this could 
be due to contraction during the slow crystallisation process. 
Outside 
surface 
Outside 
surface 
A Before pressure test Imm 
Imm 
B After pressure test with antifreeze environment 
Plate 4.6 Crossed polars micrographs, showing microstructure across thickness of the Jaguar coolant tank 
Inside 
surface 
Inside 
surface 
----------------------------------------------------------------------
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In the scanning micrograph (Plate 4.7B) of the cracked tanks as 
exemplified by tank 3, it can be seen that all the cracks already existed in 
the moulding, and almost all the cracks ran through the sample along the 
boundaries of spherulites. High magnification of this region clearly shows 
that the crack essentially followed the boundary zones of the original 
spherulites and the local direction of the crack even deviated from the 
normal crack direction up to more than 80° (Plate 4.7C). 
The scanning micrograph observation is in agreement with the 
cross polars micrograph that the crack was initiated in the boundary of the 
spherulites. These results could be due to the microstructure effect, in 
which slower cooling results in greater crystallinity and larger spherulites; 
and the spherulite boundary effect, by which the boundaries become 
progressively weaker due to impurity segregat ion and void formation. This 
explanation was supported by Way and Atkinson;18 they found that in 
polypropylene, in general, the larger the spherulite size, the fewer are the 
inter-spherulitic links , and this results in a more brittle and low stre ngth 
material with the easy crack propaga tion along sphe rulitic boundaries. 
In the above scanning mic rographs many globular par ti cles 
appea red on the inside sur face of the coolant tank. The globules are 
situated in very vulnerable regions of the mate ri a l as they reside in the 
region between the spherulites. The s tru ctu ral de tai l of the globules will 
be disc ussed in greater de tail in Section 6.2 . 
To eluc idate failure phenomena occurring in the coolant tank, the 
obvious cracks shown in Plate 4.7 were opened up by cooling the cracked 
sample in liquid nitrogen, then completing the fracture by impact. Having 
exposed both the existing and new fracture surfaces, these were examined 
by a scanning electron microscope. The examination of the fractured 
surface indicates no evidence of ductile failure in the original cracks 
(existing fracture surface), as there were no stretched fibrous zones on the 
fracture surface (Plate 4.8). These results confirm that a brittle fa ilure 
does occur in the coolant tanks under the proof pressure test in the 
presence of antifreeze. This occurrence appears to be associated with the 
activity of the antifreeze employed, since there is no evidence of cracks 
Plate 4.7 Scanning electron micrographs of the inner 
surface of the tank 
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100~m 
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normal crack direction 
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following spherulite 
boundary) 
20llm 
Inside surface 
Plate 4.8 
A Original crack 100llm 
B Original crack 100llm 
Scanning electron micrographs of the fracture surface 
of a tank exhibiting environmental stress cracking, 
showing no exidence of ductile failure 
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occurring in the moulding subjected to the identical pressure test but with 
water. 
4.3.3 Laboratory Induced Cracking 
To simulate the proof pressure test, a laboratory environmental 
s tress cracking test was conducted by using a technique adapted from the 
Bell Laboratories test 36 with an tifreeze solutions and temperatures 
employed in the tank acceptance test. The details of the test were 
described in Section 2.5.2 
4.3.3 .1 Effect of the antifreeze en vironment 
To ensure that environm ental stress cracking can be induced in 
the laboratory experiment, associated with an tifreeze environment, strips 
cu t from Fiesta tanks were tested in a simulated tank acceptance test 
(llO·C for 260 hours). Two sets of s trips were subjected to the ident ical 
test condition; however, one was tested with antif reeze environm ent and 
the other was t ested with salt solution (in orde r to raise the boil ing 
temperature of the wa ter). 
From reflected light microscope observations, it was seen that no 
cracks were produced for the st ri ps tes ted with salt solution . By contrast, 
the sample tes ted with antifreeze gave environmental s tr ess cracking in 
the inside surface (with coarse spheru li tes) of the ben t strips. The pattern 
of failure observed here is the appearance of small cracks just below the 
surface; these contain antifreeze, mak ing them clearly visible. This result 
is in good agreement with that reported in Section 4.3.2 confirming that 
the cracks initiated at the inside surface of the tanks are assoc iated with 
the antifreeze environm en t. 
4.3.3.2 Effect of the cooling conditions 
To elucidate the effect of cooling conditions on the environmenta l 
stress cracking resis tance, compression moulded samples made a t t wo 
different cooling rates, as reported in Section 2.5.2, were also studied in 
the laboratory test. Four different batches of ethylene mod ified 
polypropylene were used, representative of materials (Section 3.4.1) which 
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behaved very differently in proof tests on blow moulded coolant tanks. It 
was found that after 150 hours laboratory test with antifreeze, a ll the slow 
cooled compression mouldings started to show some evidence of environ-
mental stress cracking, whilst the quench-cooled samples were unaffected. 
Pla te 4. 9A and B shows the effect of the cooling ra tes on the environ-
mental stress cracking resis tance of ethylene modified polypropylene . 
In the compar ison of four different grades of polymers in respec t 
of the environmental st ress cracking resis tance, it was fo und tha t they 
were in the fo llowing order; the bes t were Propa thene HSE 110 and Profax 
7824 followed by sequential copolymer B and sequential copolymer A. This 
result is apparent in the laboratory tes t of the 
m oulded sa m pIes. Also, this result supports 
slow cooled com pressi on 
the observat ion of the 
performance of various sequential copolymers reported in Section 4.3. 1. 
Furthe r more , the effect of the cooling condi tion on the environ-
mental s tress cracking resis tance was also conside red in the bent s tri p cut 
from the Fies ta tank. Two bent strips were subjected to ide nti cal t esting 
condi tions; howe ver , one of the s trips was ben t in such a way tha t its inside 
moulding surface (with coarse sphe rulites) was under tension and the other 
was bent in such a way that the outside moulding sur face was under 
te nsion. Afte r the age ing tes t, it was observed tha t the cracks were only 
presen t in the sample in Wll ich its inside moulding surface was under 
te nsion. This result , toge ther with tha t from the com pression moulding 
seems to fu rther support the conclusion reached in the coolant ta nks. Th is 
indica tes tha t the slow cooled inside sur face results in larger spheruli tes 
and the spherulite boundary e ffect, by which the boundaries become 
progressively weaker and thus becom e more vulnerable to the acti ve 
environ ment of antifreeze. 
4. 3.3.3 Effec t of the molecular we ight of the polymer 
The effect of the molecular weight on the resis t ance to environ-
mental stress cracking was also exa mined. An injection moulding grade 
sequential copolymer (Profax 7631) and its blends and an ex trusion grade 
sequential copolymer were employed. They are listed as follows: 
Profax 7631 (M.F.!. = 2.0) 
Profax 7631 + EP rubber (90/ 10) 
Profax 7631 + HD PE (90/ 10) 
Profax 7631 + EP rubbe r + HD PE (80/ 10/ 10) 
Profax 7824 (M.F.!. = 0.39) 
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To produce cracking under labora t ory conditions for these 
polymers and their ble nds, it is nec essary to condition the samples to a 
brit tle sta te : th is is achieved by annealing co mpress ion moulded samples 
fo r one hour a t 125°C on cooling from the melt a t 23 0° C (as reported in 
Section 2.5 .2). A ft er this trea t ment , bent st rips were exposed to 
an tifreeze solut ion a t 11 0 °C for 260 hours. 
As illustra ted in Pla t e 4.9C, the samples based on the injec tion 
moulding grade , Profax 763 1 frac tured in the labora tory environmental 
s tress crack ing tes t , whilst Profax 782 4 showed only t he appearance of 
small cra cks in the surface in the labora tory tes t. The result clearly 
demonst rates tha t the environmental s tress crack ing resis tance of Profax 
7824 is good, probably on account of its very high molecula r we ight. 
The effec t of molecular weight could also be adopt ed t o explain 
why Profax 782 4 and sequential copolymer C have be tter environmental 
s t ress crack ing res is tance than tha t of sequential copolymers A and B. As 
shown in Table 3.1, the MFI values of Profax 7824 (= 0.39) a nd sequen tial 
copolymer C (= 0.38) are lower than those of sequent ial copolymer A 
(= 0.62 ) and sequen t ial copolymer B (= 0.72). However, it is s till not c lea r 
why the Propa thene HSE 110 (MFI = 0.65) performed, in respec t of 
e nvi ronmental s tress crack ing, be tte r tha n the sequential copolymers A a nd 
B. 
4.4 Stress CraCking and Finite Element Method 
Another serious problem exis ti ng in the recent moulding was tha t 
the cracks on the outside of the tank occurred only in t he concave face of 
the Fiest a tank, and many of these e ven broke through to the inside to leak 
an ti f reeze. 
As can be seen from the photogra phs a large crack has developed 
along the outside face of the tank (Plate 4.10A). This crack can be firs t seen 
a fter about 100 hours of the proof test. It always appears in the middle of 
Plate 4.9 
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95 
the concave face of the tank and grows steadily along the length 
throughout the proof test. 
4.4.1 Examination of the Moulding 
Visual examination of the crack shows it to be a result of a brittle 
stress rupture of the tank wall. The tank would have 'blown out' like a 
balloon, if ductile flow had been a major failure mechanism. 
To elucidate the reasons of failure, infrared spectra of thin films 
cut from the inside and outside surfaces of the Fiesta tank before and after 
proof test were obtained. From the examination of infrared spectra, it was 
observed that no severe oxidation occurred in the films examined, since 
there was no absorption peak at 1750cm -I corresponding to an absorp tion 
of the C = 0 group. 
The above evidence see ms to indicate that the crack developed 
along the concave face of the tank is due to a stress cracking fracture, and 
as a result of a high local stress concentration resulting from the 
pressurising of the tank. 
4.4.2 Stress Analysis by Finite Element Met hod 
To investigate further the stress cracking in the concave face of 
the Fiesta t ank, the PAFEC finite element package was employed by a 
final year Mechanical Engineering student to carry out a stress analysis of 
the coolant tank as a project. 
Initial model In the initial model, a range of element thickness values 
from 5mm to 10mm were used in the program to discover how the stress 
changes in the crack region. This model of the coolant tank as shown in 
Fig. 4.6 is composed of a finite number of elements. Figs 4.7 and 4.8 show 
the Minimum (0'2) and Maximum (crI) principal stress contour plots for the 
8mm thickness model (see Appendix A). From the combination of Figs 4.6, 
4.7 and 4.8, the variation in stress along the edge of elements 145-147, 
185-187, 225-227, 265-267 (which is the concave face of the tank) can be 
seen. Von Mises equivalent stress <0"0) values were then calculated from 
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the equation 0'0 2 = 0'1 2 + 0'22 - (]' 10' 2 (see Appendix B). Von Mises 
failure criterion was employed, as it was thought to be the most realistic 
of the possible alternatives. 
Table 4.10 and Fig. 4.9 show the Maximum Von Mises equivalent 
stress value for the different thicknesses. Clearly small differences in wall 
thickness ha ve a la rge effect on the maximum stress. 
Final model The above model of the tank proved tha t the assumption of a 
uniform wall thickness was not valid, since it showed that small changes in 
wall thickness grea tly altered the stress levels in the model. In an a ttempt 
to overcom e this proble m, the final model , which used the same mesh 
structure as the previous model, let each element have its own measured 
thickness value . These element t hickness values were ob ta ined as follows: 
first a coolan t tank was cut into sec tions and the wall thickness measu red 
a t 170 differen t points; then these measurements were related to the 
individual ele ments to ob ta in average thick ness valu es. 
As sho wn in Figs 4. 9 and 4.10 and Table 4.10 the stress results 
along the line of the crack show a s tress level be tween those of the 6mm 
and Bmm uniform thickness mode ls and a maximum Von Mises equi va le nt 
s tress of 7.5IV1Pa. The s tress result in Fig. 4.11 also highlights further 
s tress concent ra tion regions on t he inner surface in the corners as expected. 
The above mode ls of coolan t ta nk have shown the concave surface 
to be a major s tress ra ising feature in the design. The st ress contour plots 
all display tightly grouped st ress con tours along the li ne of the crack. The 
final model, the most accurate, of the coolant tank shows the oute r surface 
to have a maxi mum stress of around 7.5 IV1 Pa . 
Whether the stress results fro m the fina l model are close to the 
true s tresses on the coolant tank is imposs ible to say, s ince there a re no 
other measurements or calcula tions of the tank stresses to verify or 
contradict the results . 
From the tests on e th ylene modified polypropylene (Section 4.2. 2) 
the yield stress , at 110°C and after 100 hours of the proof test, was found 
to be about 3M Pa. However, the yield stress of the material provides little 
about the cracking of the tank; the tank did not blowout like a balloon and 
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fail due to excessive yielding but failed because of a brittle stress rupture 
of the tank wall, which must have occurred at a stress lower than the yield 
stress. Data from the model are thus called into question. 
Nevertheless, it seems, at least, that the finite element mode l 
results a re of the right order of magnitude; a rupture s tress of 2.5 x the 
yield stress may be a little large bu t not totally unreasonable. The 
discrepancy does indica te the furthe r development of the model is 
desirable. Also, so me attention must be given to reducing computer t ime 
which with the present program is unacceptable. 
From the combined results of the two approaches, i.e. stress 
cracking and finite e lem ent model, it has been possible to piece toge the r 
the reasons behind th e crack in th concave face of the Fiesta coolant tank . 
Exam ination of the crack itself sugges ts that it is the result of a brittle 
s tress rupture of the tank wall. No evidence of se vere oxida tion or 
degrada tion was found in the crack region, indica ting tha t this was not the 
reason of the failure. The finite e lement mode l showed tha t in the concave 
face of the Fiesta tank the principal s tresses calculated are comparable 
with, and indeed sur pass , the yield stress values a t these eleva ted tes t 
t e mpera tures. 
Furthermore, cracks have been induced in labora tory experim ent, 
in which a spec im e n cut from a Fies ta tank has been bent (w ith a maximum 
outer fi bre stra in of 1.75%) a nd maintained in an oven a t 115°C. Cracking 
was observed a ft er 150 hours (Plate 4.10B), similar in charac ter to that 
encountered in the pressure testing of the coolant tank. This is show n in 
Plate 4.10B . It can be seen tha t there was some whitening in the specimen 
pOSSibly due to the st ress concentration of the loading bar, however 
no gross yields occurred and cracks were certainly brittle. 
4.5 Design of the Coolant Reservoir Tanks 
4.5 .1 Consideration of the Bad Features of the Design 
The result from the finite element model showed that a concave 
surface in the outside surface and sharp corner regions on the inner surface 
are major stress raising features in the design. From this simple analysis 
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Table 4.10 Stress results from PAFEC output files 
First Model - 5m m First Model- 6mm 
Av. Value Outer Surface (MPa) Av. Value Surface (MPa) 
Node Max. Min . Von Node Max. Min. Von 
No. Princ. Princ. Mises No. Princ. Princ. Mises 
64 11.0 7.68 9.77 64 8 . 05 5.09 7.05 
382 12 . 6 9 . 84 11.5 382 9.26 6.96 8.35 
84 13.8 11.1 12.7 84 10.22 7.93 9 . 29 
425 14.1 10.3 12 . 6 425 10.43 7.36 9.28 
104 14.0 9.57 12 . 4 104 10.34 5.77 9.10 
468 12.2 8.10 10 . 8 468 9.00 5.74 7 .89 
124 9.22 5 .82 8.08 124 6.91 4.26 6 . 04 
510 3.42 -0.79 3. 88 510 2.63 -0 . 65 3.01 
144 -1.90 -7 . 67 6.92 144 -1.36 -5.85 5.27 
First Model - 8mm First Model - 10mm 
Av. Value Surface (MPa) Av . Value Surface (MPa) 
Node Max Min. Von Node Max. Min. Von 
No. Princ. Princ. Mises No. Princ. Princ. iVl ises 
64 4.58 3.03 4.03 64 2.95 1. 91 2.59 
382 5.54 3.97 4. 95 382 3 . 65 2 .53 3.24 
84 6 . 19 4.04 5.58 84 4.11 3 . 02 3.69 
425 6 . 34 4.30 5. 61 425 4.21 2.81 3.71 
104 6.24 3.90 5.46 104 4. 29 2.53 3.74 
468 5.45 3 . 32 4.76 468 3 . 62 2 . 15 3 .15 
124 4.27 2.58 3. 72 124 2.88 1. 72 2.51 
510 1. 71 -0 .46 1. 98 510 I . 20 -0. 35 1. 41 
144 
-0.76 -3.75 3.43 144 - 4 . 54 -2.63 3 .95 
Final iVI odel 
Av. Value Surface (MPa) 
Node Max. Min. Von 
No. Princ. Princ. Mises 
64 7.79 5.08 6.85 
382 8.06 5.86 7.22 
84 8.43 6.16 7.56 
425 8 . 17 5. 11 7.15 
104 7.90 4.30 6.85 
468 6.95 3.71 6.02 
124 5.49 3. 53 4. 82 
510 2. 25 0.14 2.18 
144 
-0 . 78 -4.22 3.89 
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Plate 4.10 Cracks developed on the outside surface of the Fiesta tank 
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the question arises "why if they are such bad features of the design are 
they not removed?" Unfortunately the design of the Fiesta coolant tank, 
like most such tanks, was fixed by the engine layout designers before the 
stress cracking problem was appreciated. 
The space available for a coolant tank is always a problem in 
small cars. The tank des ign diffe rs grea tly from the blow moulding ideal of 
a cylinder, many changes being necessary to accommoda te adjacent engine 
components (The concave face was introduced to allow cables to pass by 
the side of the tank). 
The poor design of the Fies ta coolan t tank was further proved by 
the fac t tha t all the Fiesta tanks , no matter what grades of polymers have 
been used, cracked in the concave face and stress concen tration regions of 
the tanks during proof pressure tes ting. This indicates a major weakness in 
the present design procedure, si nce the tank designe r had appa rently little 
or no regard for the load-bearing or manufacturing requirem ent. 
A finite ana lys is method may provide a feasibility of a design 
without having to proceed to the length y and expensive pro totype s tage. 
It would be desirable to have grea te r collaboration between the 
engine layout des igner and the plastics technologist rather than the shape 
bei ng dictated by the former with little rega rd for the man ufac turing 
requirement. It also should be a better (cheaper to produce) tank than any 
compet itors' if its shape is optimised a t the des ign stage . 
4.5.2 Considera tion of the Design of the 'K iss-off' 
Having been 'borrowed' from injection moulded/ welded designs of 
tank a 'kiss-off' has been recently introduced in the blow moulded version . 
The kiss-off generally consists of two pillars, one from ei ther Side, meeting 
(and welded) in the middle, to provide r igid ity and form stability under 
opera ting conditions. Since the 'k iss-off' has been made by welding of two 
pillars, this feature is likely to be a potential failure threat. To investiga t e 
this, the microstructure has been examined and the birefringence has been 
measured in the kiss-off region. Also, a very crude calculation of the 
pressure expansion of a tank has suggested the possibility of improving this 
design feature. 
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4.5.2.1 Tanks under examination 
Four tests with 'kiss-off' moulded in situ, have been examined; 
they are listed in Table 4.11. 
Table 4.11 Tanks (with 'k iss-off' ) under examina tion 
TANKS Proof test result 
British Leyland K3 4 
Ford De lta 
British Leyland Accla im (Old Design) 
British Leyland Accla im (Ne w Design) 
4. 5.2 .2 Mic ros truc ture and bire fringence 
fail 
fa il 
fa il 
pass 
The thin sec tion cut from the 'kiss-off' region, as shown In Plate 
4. llA was exa mined unde r a pola rising mic roscope . 
F ine tex ture only was obse rved in the outs ide surface of 
the moulding firmly in contact with the cold plungers, which were in situ in 
t he mould . The appeara nce of the bright (3 - form spheru lites a lso supports 
the que nch cooling effec t due to the cold plunge rs. In a c loser 
exam ina ti on, it was fou nd tha t the re was no evidence of any welding bead 
in the 'kiss-o ff' reg ion, this is unusual in a process aki n to we ld ing. 
Bire fringence measurements on the sec tions of 5, 10 and 1 5 ~ m 
thi ckness cut from the pillars and the 'k iss-off' regions show an 
insignificant ori enta tion in the mOUldings . 
The absence of the we lding bead could be due to the weld ing 
process be ing carri ed out a t 190°- 200° C, we ll below the recomm ended 
te mpera ture of 23 0° C. 
Because there is no flow outward, the re is a s tress conce ntra t ing 
notch a round the kiss-off, and th is is likely t o be a potential fa ilure threa t 
-
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in the moulding (Plate 4.118). This may be the result of shrinkage of the 
more slowly cooled polymer in the centre of the 'weld'. 
4.5.2.3 Calculation of the pressure expansion of a tank 
In use, or in proof testing, the tank will respond to internal 
pressure by expanding: for the simplest case of a spherical vessel, the 
formula for fractional volume expansion is: 
t:>.V 
V = 
where .c.. V is the fractional change in volume 
-V-
P 
d 
t 
a nd E 
(A) Acclaim tank 
the internal pressure 
the diameter of the spherical vessel 
the wall thickness 
the modulus appropriate to time, temperature and 
s train 
Poisson's ra tio 
In the absence of a kiss-off (two pillars, one from 
e ither s ide , meeting in the middle), the vessel may be regarded as a thin 
shell sphere of equivalent diam e ter, d = 200mm . Assume further it is 
tested a t 120°C, the pressure is 1.5 bar, thickness of she ll is 4mm a nd 
Poisson's ratio, V, is 0.4, the modulus for the material is taken as 50MPa, a 
value appropriate to 120°C, 300 hours, for a strain of 5%. Whence, 
fractional volume expansion (L:.V /V) is found as 6.75%. This corresponds to 
a diametral expansion of 2.25% or 4.5mm. This result is lower than has been 
suggested - 5%. This would be acceptable, and would not require the 
support of a 'kiss-off'. 
The practical design of tanks, however , deviates from the idea l 
spherical shape, frequently having flat surfaces, linked by s tress-
concentrating corner sections; such a shape will distort more than would a 
sphere. 
However, the reason that an overall diametral strain of only 
2.25%, which is lower than that which has been suggested of 5%, can lead 
A 
1 
B 
Plate 4.11 
Crossed polars micrograph of 
the 'kiss-off' region 
General view of the 'kiss-off' 
region: 1 - before pressure 
test, 2 - after pressure test 
'Kiss-off' region in the Acclaim coolant tank 
----------------------------------------------------------
109 
Imm 
2 
40mm 
110 
to failure of the 'Old Acclaim' tank is that the strain is inevitably 
concentrated towards the apex of the pillars. This will be discussed later. 
(B) Ford 'Delta tank of British Leyland K34 A t the other extreme from 
the point of view of geometry is the Ford 'Delta' tank, or the British 
Leyland K34 , the shape of which can be represented approximately as two 
flat sheets, area 0.15m 2, restrained at the edges by the sides of the vessel, 
and by one central 'kiss-off' with four smaller supports, one in each 
quadrant. Failure of the 'kiss-offs' is a problem, sometimes all five fail, 
sometimes the centre support remains intact. If a 'worse case' is chosen 
for calculation by assuming no support from the edges, then the total force 
which has to be restrained, F, is: 
F = pressure x area = 
This is supported by the pillar walls of four satellite and one central 'kiss-
off' . 
Total area = 4Dt 7( + D't 7( 
For t = 5mm, D = 20mm, and D' = 50mm 
Total area = 2042mm 2 
whence stress = 11MPa 
This is clearly much in excess of the yield stress for polypropylene for long 
time loading, which is approximately 2.5I\11Pa. To achieve this level, the 
total area has to be increased to 9000mm 2. This area can be reached for 
t = 
t = 
5mm, by increasing the mean diameter of all 5 
'kiss-offs' to 115mm 
6mm, by increasing the mean diameter of all 5 
'kiss-offs' to 95mm. 
This is, as stated at the outset, a 'worse case' consideration. 
4.5.2.4 Consideration of the limiting size and the shape of a kiss-off 
4.5.2.4.1 The limiting size 
Failure may occur either by yielding of the 'welded' region or by 
yielding of the supporting side walls. It would seem reasonable to ensure 
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that the sidewalls fail first, since there is a chance that the strain might be 
accomodated within the pillars, particularly if they are less tapered. For 
the 'weld' to remain intact the stress must be at a lower level than that in 
the sidewaJls, or since there is a constant force the area of the 'weld' must 
be greater than the minimum load bearing area of a column: 
where 
7\ Dt 
or D ;;. 4t 
D is the diameter of the pil lar 
t is the thickness of the pillar 
If D is less than 4t, then failure by yielding of the welded region will occur 
rather than yield of the sidewalls. This is illustrated in Fig. 4.12. 
pillar 
r 
'kiss-off' region - ~ 
L 
- D" diameter of the 'k iss-off' 
D" 15 
t " thickness 
t " 4 
Fig. 4.12 Illustration of the kiss-off region 
(1) Acclaim tanks The above crude calculation can be used to explain 
the failure of the 'kiss-off' in the 'Old Acclaim' tank, even at an overall 
diametral s train of only 2.25%. 
As illustrated in Fig. 4.12 the load is supported by the weld, area 
"7{ r2 = 56.25 mm 2, however the area in the sidewaJl = 2 1trt = 60 mm 2 
Under these geometrical conditions one would expect first failure 
to occur in the weld, because the strain is inevitably concentrated towards 
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the apex of the pillars, as the D L. 4 t in this case. Indeed, the failure in 
the weld was the reason for the 'Old Acclaim' tank to fail the pressure test. 
However, by increasing D to 30mm, the weld survives. 
(2) British Leyland K34 
Similarly, the calculation can be applied to the K34 tanks, where 
weld failure can be observed for the satellite kiss-offs (D is about 15mm 
and t is 5m m) wh ils t the central kiss-off has failed unambiguously in the 
sidewalls (D is about 50mm and t is 5mm). 
4.5.2.4.2 The shape of the kiss-off 
The s tiffening feature of the kiss-off is to restrain the expansion 
of the tank under pressure, but frequentl y they are sources of failure in 
proof testing. One of the main reasons could be that the usual shape of the 
kiss-off is far from optimum, bei ng strongly tapered, thereby concen trating 
the strain. As illustra ted in Fig. 4.1 3, the kiss-off would better 
accomodate the st rain, if the pillars were parallel-sided, rather than be ing 
tapered. 
-- - - concentra tion 
region 
- - - pillar 
(A) tap<yed kiss-off (8) parallel-sided kiss-off 
Fig. 4.13 lllustra tion of the shape of the 'kiss-off' 
- - ----- - - -~~----------~~--, 
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The above consideration and calculation, although crude, provide 
a useful know-how in improving the quality and performance of the coolant 
reservoir tanks. This can be exemplified by the 'New Acclaim' tank, for 
which an increase in diameter from 15mm to 30mm was adopted by the 
manufac turer. They claimed that the 'New' tank performed satisfactorily. 
However, a more reliable calculation is required in the future to calculate 
the stress distribution in the kiss-off and to ensure it can restrain the 
expansion of the tank unde r pressure, alternatively kiss-offs might be 
eliminated from the design . 
4.6 The High Temperature Tensile Behaviour of 
Propylene Polymers 
A further seri es of tes ts on polypropylene and sequential 
copolymers of e thylene on propylene has been carri ed ou t to explore the 
s tress cracking and envi ronmen ta l s tress cracking behaviour at temper-
atures of 110, 120 and 130° C by a frac ture mechanics based analysis. In 
the event this approach to stress cracking and environm ental stress 
cracking was not successful, bu t the results ob ta ined conta ined many 
features of interes t which have not been reported hitherto. 
The research programme was an inves tiga tion of the e ffect of 
double edge no tches, (DEN), with razo r blade incis ions 2mm deep made 
symme trically on ei ther side of the wid t h (l2.6mm) of the gauge length of 
a BS 2782 iVle thod 30 1J (1970) injec tion moulded tensile specimen. DEN 
and unnotched specimens (UN) were tes ted in tension a t 5mm/mi nute a t 
temperatures llO-130 oC, mos t of the specimens having previously been 
conditioned (before notching) a t the tes t temperature for 100 hours (but 
with some exper im ents a lso on unconditioned specimens). The tes t was 
terminated a t failure , or at the st rain limit of the machine. 
Polymers exam ined in this program me include a homopolymer 
(Profax 6824) and sequential copolymer, e thylene on propylene, from 
Hercules and ICI, 'Profax' 7824 and Propathene HSE 110 respectively, 
together with two development grade sequential copolymers A and B, the 
former being made by the classical diluent polymerisation route, whilst the 
latter was a gas phase polymer. 
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Typical results for 120·C are given in Fig. 4.14 where the 
ethylene glycol treated DEN behaves in a very similar manner to the 
untreated DEN specimen. Neither the double edge notching nor the 
ethylene glycol treatment induced fracture in any of the samples, a 
disappointment since cracking certainly occurs in the tank. 
Results exemplified in Fig. 4.14 were obtained for all samples at 
the three temperatures; there are some differences in detail which are 
covered in la ter discussion. 
The first feature of the tensile stress vs. strain curves is the 
obvious presence of a yield stress but the relative magnitudes of the yield 
stress of the UN and DEN specimens gives cause for comment. Based on 
the residual load-bearing area, the yield stresses of the DEN specimens are 
invariably higher than those of the UN specimens. The results are shown in 
Table 4.12. 
Table 4.12 Ratio of yield stress for DEN/ UN specimens* 
Temperature (·C) Ratio of yield stresses (Notched/ Unnotched) 
Polymer llO·C 130·C M110/ MI30 
'Propa thene ' HSE 110 1. 37 1. 25 1.1 6 
Sequential copolymer A 1.37 1. 23 1.1 8 
Sequential copolymer B 1. 30 1. 29 1. 13 
'Profax' 7824 1. 37 1. 26 1.15 
Average 1. 35 1.26 1.15 
* The average ratios of YS(DEN)/ YS(UN) are 1.29 for homopolymer (Profax 6824) unconditioned and 1.31 for sequential copolymer B 
unconditioned. 
This behaviour can be explained by the notches concentrating the 
applied strain, increasing the effective rate of testing, the natural 
consequence of which is an increased yield stress. This explanation is 
supported by the times to yield which were 30% lower for the DEN 
specimens at 120·C. Having attained yield, the stress vs. strain behaviour 
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Fig. 4.14 Tensile stress vs . st rain behaviour at 5mm/TT'in ., 120°C for 
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(A) Unnotched and (8) Notched specimens of a sequential copolymer 
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of the UN specimen is as expected: a decreasing stress as a neck develops 
reaching a plateau value as cold drawing proceeds in the gauge length of 
the specimen. The DEN specimen, however, shows much more complex 
behaviour: the stress decreases rapidly after yield but then immediately 
starts to increase again, reaching a new peak yield stress, as necking is 
initiated, following which the stress decays to a plateau which is 
maintained as 'cold drawing' proceeds in the gauge length of the specimen. 
The force required to sustain drawing was found to be higher for the DEN 
specimen, compared with the UN specimen. The ratio of the drawing force 
for the DEN and UN specimens is given in Table 4.13. 
Table 4.13 Drawing force (Newtons) for UN/DEN specimens 
Tempera ture Drawing Force 
110°C 120°C 130°C 
Polymer DEN UN DEN UN DEN UN 
'Propathene' HSE 110 175 167 150 135 111 119 
Sequential copolymer A 166 160 145 136 107 110 
Sequential copolymer B 166 150 153 128 111 113 
'Profax' 7824 170 158 149 134 103 107 
Average drawing force 169 158 149 133 108 112 
Average ratio of the 
drawing forces for 1.07 1.12 0.96 
the DEN and UN 
The enhanced drawing stress for the DEN specimen appeared to 
be greatest at 120°C being especially marked for sequential copolymer B, 
on which further experimentation was concentrated. The phenomenon was 
still observed, nevertheless, in unconditioned homopolymer (ratio of 
drawing forces 1.07). The effect seemed to be less marked in 
unconditioned specimens of sequential copolymer B (ratio 1.09) compared 
with that conditioned for 100 hours at 120°C prior to test (ratio 1.18-1.24). 
It would be tempting to associate the phenomenon with the ethylene 
polymer phase, but the behaviour of 'Profax' 6824, a homopolymer, which 
still shows the effect to a limited extent, precludes such an explanation. 
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High density polyethylene (Lupolen 4261A, from B.A.S.F) 
manifests entirely different behaviour at 110°C (unconditioned specimens): 
the UN specimen deformed uniformly, at a very high stress (10.36MPa 
compared with 5.9 7MPa for pp homopolymer at 120°C), whilst the DEN 
specimen failed at low elongation. This is shown in Fig. 4.15. 
Further investigation on DEN 
Photographs were taken of the gauge length at appropriate time 
intervals as a DEN specimen of sequential copolymer B was strained at 
5mm/min at 120°C. From the sequence of 25 photographs significant 
measurements could be made and several photographs are given here and 
correlated with features of the stress vs. strain curve (curve B of Fig. 
4.14). Plate 4.12A corresponds to the first yield point and shows the 
notched region beginning to elongate. (Useful criteria for describing the 
specimen behaviour a re 
(a) the width of the coloured line joining the notches; 
(b) the separation of the two sides of each notch; and 
(c) progress of the 'neck' along the gauge length.) 
Plate 4.12B corresponds to the first minimum in the curve by 
which tim e the region be tween the notch es has been s trained to its 
maximum . Thereafter the edges of the no tches separa te progressive ly, 
feeding on polymer with in the gauge length, the stress increasing s tead ily 
to the second maximum . The second yield poin t s ignals the formation of 
necks, Plate 4.12C, which then progress along the gauge length at constant 
force, Plate 4.12D. It is this force which is found to be higher than for the 
UN specimen. 
The pattern of behaviour is summarised in Fig. 4.16 where the 
da ta for curves A, Band C were derived from the photographs and can be 
identified with the features (a), (b) and (c) in an earlier paragraph . The 
sequence of events s tarts by yielding of the net section between the 
notches, the yielding process being accele rated by feeding on the s train 
stored elastically in the remainder of the specimen. This is associated with 
the upturn in curve B after the first yield point, where the notch edges 
separate at a greater rate than the applied rate of crosshead movement, 
~ 
c 
o 
~ 
;: 
Q) 
z 
'" 
" '-
400 
300 
~ 200 
100 
o 20 
Fig. 4.15 
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Tensile stress vs. strain behaviour At 5mm/rr in., 1 J oOe for (A) l'nllot C'I' ed 
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given by curve D. Immediately after yield, the load decays sharply, then 
rises again. During this phase, the slope of curve B shows that virtually all 
the strain applied is accom modated in the notch region by polymer being 
drawn progressively into this region of high orientation (Draw ratio 
13.8 : 1) which is promoted apparently by the stress concentration of the 
notches. Having achieved high orientation, the material is not strained 
further (curve A of Fig. 4.16). The load continues to increase to a second 
maximum which is associated with establishing necks, which then traverse 
the waisted part of the specimen at constant force. Near-parallellism of 
curves C and D and the plateau in curve B confirm that the strain is 
accommodated entirely by the drawing process. 
Consideration of draw ratio 
A DEN specimen having been strained to the state depicted in 
Plate 4.12 has three states of orientation: 
(1) the ends of the specimen and any undrawn parts of the gauge 
length; 
(2) the material in the gauge length which has been subjected to 
drawing through a neck (as occurs between Plate 4.12C and 
4.12Dl; 
(3) material In the region of the notches which is oriented to a level 
capable of sustaining the second yield point. 
(1) and (2) might be expected to be similar to undrawn and drawn material 
from a UN specimen; the comparison is made in Table 4.14. 
Table 4.14 Draw ratio for the UN and DEN specimens 
Before tensile test 
Initial cross sectional area (mm 2) 
Residual area after notching (m m 2) 
After tensile test 
Cross sectional area of region between notches (m m 2) 
Draw ratio 
Cross sectional area of neck-drawn region (mm 2) 
Draw ratio 
UN 
38.05 
7.74 
4.9 
DEN 
38.05 
25.97 
2.76 
13.2 
9.52 
4. 0 
A - Yield of the neck section 
of a DEN specimen 
C - Second yield point of 
Fig. 4.14 curve B 
B - DEN tensile specimen at 
first minimum of curve 
B in Fig. 4.14 
D - Necks traversing gauge 
length of a double edge 
notched specimen (as in 
Fig. 4.14 curve B) 
30mm 
Plate 4. 12 Deformation behaviour of the double edge 
notched (DEN) specimen 
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The raw data given above indicate that we might expect to find 
the consequences of a higher draw ratio in the UN specimen. Direct 
observations and measurements, however, show that the DEN specimen is 
the more highly oriented: evidently drawing at a higher force leads to 
enhanced orientation. 
Comparing the UN and DEN specimens, there is a marked 
difference in the geometry of the neck, the drawing being much more 
abrupt for the DEN specimen . This is shown in Plate 4.13A and B. Thin 
sec tions through the necks of the specimens are given in Plates 4.14A and 
Bi these micrographs show a considerable number of ~ -spherulites which 
are spherical in the undrawn region of the neck but appear as ellipsoids 
after drawing. Those in the DEN specimen have a significantly higher 
aspec t ratio than those for the UN specimen. 
Finally, birefringence measurements have been made for UN and 
DEN; the results given in Fig. 4.17 appear to confirm the conclusion 
reached in the previous paragraph that the necking-drawing process leads 
to a higher state of orientation, for the DEN specimen, notwithstanding 
that the UN specimen has the higher apparent draw ratio. These findings 
were confirmed with unconditioned specimens of homopol ymer (Profax 
6824) and wi th sequential copolymer B, although the very high draw ratio 
of the DEN specimen was not repeated for these unconditioned specimens 
(Table 4.15). 
Table 4.15 Draw ratio for the unconditioned specimens 
Draw ratio 
Polymer 
UN 
Profax 6824 
DEN 
UN 
Sequential copolymer B 
DEN 
Draw ratio 
neck-draw 
region 
3 . 37 
3.26 
4.11 
3.61 
between 
notches 
8.00 
8.65 
A 
B 
Plate 4.13 
Unnotched specimen 
Double edge notched specimen 
as Fig. 4.16 
2mm 
2mm 
Comparison of the geometry of the neck 
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A 
B 
Plate 4.14 
Unnotched specimen 300l1m 
Double edge notched specimen 30011 m 
Crossed polars micrographs, showing the microstructure 
in the necks of the specimens 
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Nevertheless, for both materials the draw ratio achieved was 
higher for the UN specimen than the DEN ones but, as previously, the 
latter exhibited better transparency. 
4.7 Examination of the Coolant Tanks made 
by Injection Moulding 
4.7.1 General Considera t ion 
For a coolant reservoir tank of conventional shape there are a 
number of competing methods of manufacture, but only two methods are in 
com mercial use today - these are extrusion blow moulding and injection 
moulding/welding. The method of manufacture is of fundamental 
importance to the design of the coolant tank, since it affects the 
appearance, weight, performance , cost and durability of the tank. 
The me thod of manufacture also places a limitation on the grade 
of polymer which can be employed; notably, injection moulding requires lo w 
molecular weight polymers for best results, whils t blow moulding is 
associa ted wi th high molecular weight s t iff flow materials. The relevance 
of molecular weight in the present context is that the higher the molecular 
weight the better the mechanical properties , including stress cracki ng 
resis tance. 
To confirm that the extrusion blow moulding is a preferable 
method of manufacture for the coolant tank of sa tisfactory performance, a 
variety of coolant tanks made by injection moulding/welding have been 
closely examined. Three coolant rese rvoir tanks were chosen, they are: the 
Sierra tank made from an injection moulding grade of polypropylene and 
Metro and Maestro tanks made of glass fibre reinforced polypropylene. 
The use of the material represents changing from an ordinary to a "super 
grade". The design of the tank was also exam ined in detail to ascertain the 
reasons for failure. 
4.7.2 'Sierra' Coolant Tank Manufactured by 
Injection Moulding/Welding in Polypropylene 
4.7.2.1 The moulding examined 
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A Sierra tank consisting of two mouldings welded together has 
been examined (Plate 4.15A). The component had been pressure tested at 
18psi (1.24 bars) and 105 Cc for 100 hours at which time failure occurred. 
The specification calls for 400 hours under these conditions. The fluid 
employed in this test was 1 : 1 antifreeze and water. 
A visual examination of the component showed several regions in 
which cracking had occurred. These were: 
(a) On the shoulders of both the upper and lower mouldings (Plate 
4.15B) 
(b) In the wall of the lower moulding adjacent to the gate, and 
spreading out from it (Plate 4.15C) 
(c) In a line running parallel to the edge of the weld bead (Plate 
4.16A) 
On cutting open the tank it was clear that all these cracks started 
at the inside surface. It was also found that cracking had occurred around 
the filler cap (P late 4.15B), again from the inside of the moulding. It was 
noted tha t the filler cap was no longer tightly held. 
A visual examination also showed diffuse yellow streaks in the 
moulding. The weld seemed somewhat variable in profile, particularly on 
the inside of the tank. Fine cracks in the weld were visible on an inside 
corner and another crack had occurred a t right angles to the axis of the 
weld on the outside. 
4.7.2.2 Microstructure examination 
Thin sections were cut from various places in the mouldings, 
usually adjacent to a cracked region or other area of special interest. 
These sections were examined in a polarising microscope. Plate 4.16B 
shows such a section, which is typical for both halves. The surface bands 
(black upper band labelled "inner skin" and lower bright band labelled 
"outer skin") show the cooling rate in the moulding seems exceptionally 
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high, although no attempt was made to quantify this. The skin thickness is 
40011m on the inner surface and 70011m on the outer, indicating rapid and 
unbalanced COOling of the melt in the mould. These conclusions are 
reinforced when the surface skins are examined at higher resolution (Plate 
4.16C). The occurrence of high molecular orientation in injection moulding 
is encouraged by the use of low MFI material. The MFI of the copolymer is 
1.36 at 2.16Kg and 230°C and it is at the high molecular weight end of the 
normal range for injection moulding application. 
The crystalline texture (Plate 4.16B) also indicates high cooling 
rates under conditions where molecular orientation induced during 
moulding has not had time to relax before being frozen-in. In particular 
the two bands of sub-surface brighter texture (i3-form spherulite 
crystallisation) suggests low temperature crystallisation of polymer which 
has been subjected to a high shear rate. 
In the region of the gate of the upper moulding a cross section 
reveals a complicated pattern of orientation and crystallinity. Although 
such patterns are not uncommon in this region of polypropylene injection 
mouldings, this particular example is extreme. Area C in Plate 4.17X 
appea rs to be a plug of cool material injected into the ca vity and areas A 
and B(Plate 4.17 X, Y and Z)show the result of cool material being injected 
at the end of the moulding cycle. 
The severity and direction of the molecular orientation indicated 
by these microscopical observations, casts doubt upon the strength of the 
material in the gate region, although no cracking has been observed here. 
The moulding might be expected to be vulnerable to impact damage. 
It has already been indicated that the cracks induced in the tank 
during pressure testing intersect the inner surface of the mouldings. Some 
of these cracks are shown in Plate 4.16B and this evidence seems to 
indicate that the cracks originate at, or very close to, the inner surface. 
Furthermore in section they have the long thin appearance characteristic 
of environmental stress cracking. The highly oriented state of the inner 
surface implies that the necessary stresses are indeed present. 
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This cracking behaviour is similar to the environmental stress 
cracking, occurring in the blow moulded coolant tank. 
4.7.2.3 Microscopical examination of the weld 
Cross sections of the welds were cut in several places around the 
tank. The general appearance of such sections when examined in the 
polarising microscope is shown in Plate 4.1BX and Y. 
It is readily seen how the beads form as the result of polymer 
being squeezed out from between the mouldings. Plate 4.18X also shows 
that in this case very little material is left to form the weld. As a rough 
guide 50% of the melted material normally remains, i.e. there a re 
approximately equal amounts of ma terial in the beads and the weld zone 
(Area C). This reduced amount of weld zone material will result in a 
weaker weld than might be obtained and is the result of too high a welding 
pressure. Pla te 4.18Y shows Area C in more detail. Area D shows the 
normal crystalline texture of the centre of the mouldings. Area F 
corresponds to ma terial melted and recrystallised during the welding 
operation. The striated material (the result of flow at low temperature) in 
Area E supports the view that the weld has been produced under a high 
pressure a nd also suggests high speed applica tion of the pressure and fast 
cooling. 
Plate 4.1BX also shows poor alignment of the two halves of the 
moulding for welding. Plate 4.18X also shows the weld which is the site of 
weld failure. Area G, enlarged in Plate 4.18Z, exhibits a fissure in the 
weld. Local stress whitening in Area H, together with a highly deformed 
fissure surface, indicate a ductile failure of the weld region. This 
confirmed the weakness of the polymer particularly in the welded region. 
There are two other undesirable features of this weld which 
deserve comment. Plate 4.19A shows part of the bead of the weld shown in 
Plate 4.18X (Area F). Area J is a void in the bead which, in conjunction 
with the highly oriented region running into the weld could ultimately be 
expected to give rise to weld failure. 
-------------------------------- - - ----
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Plate 4.19B shows the weld/bead interface. Area K is the surface 
skin of the moulding, Area L is the weld zone consisting of melted then 
crystallised material. The bead has folded round to be almost in contact 
with the moulding to give aparticularly sharp notch. Notches such as this 
act as local stress concentrations and are a well known source of weld 
failure. The texture in Area M suggests that this part of the bead surface 
originally crystallised in contact with the moulding surface. 
Finally, evidence also suggests that the morphological interface 
between the regions of fine and coarse texture m ight constitute a plane of 
weakness. Plate 4.19C shows that some of the cracks initiated in the 
morphological interface; this seems to support the findings reported by 
Garg et al. 17 on HDPE blow mouldings. 
4.7.2.4 General conclusion 
The tank examined failed comprehensively as a result of cracking 
in a manner similar to environmen t al stress craCking. The occurrence of 
this failure is probably related to 
(a) The very high molecular orienta tion in bo th injection mouldings. 
This could be the result of poor moulding practice, as all the 
evidence points to an unacceptably short cycle ti me . 
(b) The welding of the tank is ve ry poor. Shortcom ings include 
misalignmen t of the mouldings a nd the use of excess ive weld 
pressu re. 
Calculations show that the test conditions to which the tank has 
been subjected could not have been met by mouldings with the wall 
thickness of 4mm used . Welded components can generally accommodate 
less strain (1 %) than homogeneous s tructures (3%), therefore a minimum 
thickness of 9.8m m is required (Table 4.7). 
One com ment must be made that one of the contributory causes 
for failure is the comparatively low molecular weight of polymer compared 
with extrusion blow moulding grades, giving it inadequate strength to 
withstand the loads imposed upon it. 
Plate 4.15 
-----
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A - Lower part 
of moulding 
50;nm 
Cracks 
B - Shoulder cracks 
- inside view 
30mm 
~cracks 
C - Cracks in the 
ga te region - outside view 
20mm 
General view of the Sierra coolant tank examined 
(Plates 4.15 to 4.19 inclusive are for a Sierra 
coola nt tank made by injection moulding/ 
welding polypropylene) 
Plate 4.16 
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Crack 
A - Crack near weld 
30mm 
Inner skin 
B - Cross se ction of 
moulding wall 
Outer sk in 
2mm 
C - Outer sk in of 
moulding 
lOOpm 
Crossed pola rs mic rographs of the Sierra coolan t ta nk 
Plate 4.17 
, , 
, " 
I 
Crossed polars micrographs of the gate region 
Area A 
Area B 
Area C 
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x - Gate region of 
the upper moulding 
(cross section through 
diameter) 
200pm 
Y - Gate region 
area A 
lOOllm 
Z - Gate region 
area B 
lOOllm 
Plate 4.18 
Area C 
Area G 134 
Area F 
x - Cross section 
of the weld region 
200llm 
Area 0 
Area E 
Area F 
Y - Weld region C 
lOOllm 
Area H 
Z - Weld area G 
lOOllm 
Crossed polars micrographs of the weld region 
Plate 4.19 
Area J 135 
A - Weld area F 
Area K 
Area L 
Notch 
B - Weld bead/ 
moulding interface 
Area M 
C - Weakness of 
the morphological 
interface 
1mm 
Crossed polars micrographs of the weld region 
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As a general com ment it should be added that many of the 
shortcomings of the mouldings lis ted here are certainly not confined to this 
particular unit. They are inherent to a degree in any injection moulding 
manufac tured under conditions unsympathe tic to the ma te rial. Unfortun-
a tely these conditions are often dicta ted by economic considera tions. 
Similarly, although excellent butt welds are possible with the polyme r used , 
due considera tion must be given to the welding conditions and again there 
is confli c t wit h econom ic fac tors such as cycle tim es. 
4.7 .3 'Maes t ro' Coolant Tank Manufact ured by Injection Moulding/ 
Welding in Glass Re inforced Polypropylene 
The inadequa te strength of polypropyle ne bei ng used in t he 
injection moulded coolant tank has bee n discussed in the previous sect ion. 
Recently, an at tempt has also been made by one manufac turer to 
s trengthen t he coolant tank by the use of glass re inforced polypropylene. 
This la tes t tw is t in this design story is the unit fitt ed to the BL 'Maestro', 
in which the pressure capab ility has been ach ieved by the use of glass fibre 
re inforced polypropylene . 
4. 7.3.1 The moulding exam ined 
- Conside ra t ion of overall design 
A 'Maes t ro' tank ha ving been tes ted to fa ilure after 100 hou rs in 
t he proo f tes t we re exam ined in respec t of overall design and the 
micros t ructu re of c riti cal reg ions of the tank . 
pressure test is to withs tand 2 hours a t 130° C 
hours a t 110° C a t 18psi. 
The specifica tion of the 
a t 16psi followed by 250 
Th e general shape of this rese rvoir tank is complex , including 
fi xing parts which are moulded in situ, and a mos t impress ive a rray · of 
ri bbing internally. Further , t here is a lip of much higher cross-sec ti on 
a round the edge of each half-moulding, obviously designed t o g ive a 
s trengthening in the criti cal region of the weld. An im pression of the 
overall shape can be ga ined from Pla te 4. 20A and the complex internal 
ribbing in Pla te 4. 20B. Arrowed on Pla te 4.2 0B is a mysterious fea ture of 
the des ign: one of the ribs is present in one half of the tank but has no 
partner in the other half of the tank. 
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A crack in one of the fixing brackets is arrowed in Plate 4.20A. 
This was not investigated further, but may be associated with a stress 
concentration, coupled with complex fibre orientation induced in the 
moulding process. 
Corn ment can be made on the design that both halves of the tank 
require polymer with good flow characteristics and there are many 
opportunities for different patterns of residual fibre orientation to result 
from changes in processing conditions, inevitable in all except the most 
modern equipment. Further, the lip, constituting the welding region, is of 
thick section compared with the remainder of the component and must be a 
suspect region for unexpected fibre orientation. Indeed, the interaction 
between injection moulding and residual fibre orientation is notoriously 
difficult to forecast, as exemplified in a paper by Bright and 
Darlington. 105 
The unhealthy nature of the weld can be seen, when a close-up 
view of the weld being seen from the outside of the tank. The welding 
beads appear to be very different in tex ture to the remainder of the tank . 
4.7.3. 2 M icrostructure examination 
Since the failure of the tank on test had been located in the weld 
region, a nd since the weld is accepted as a weak feature in tanks 
manufactured by the injection moulding-welding process, the limited 
examination was concentrated on this feature. The extreme weakness of 
the weld gave difficulties in sectioning as the weld split even under the low 
stresses of the microtome blade. The surfaces constituting the weld 
showed the very patchy cohesion as shown in Plate 4.20C leading to the 
question of the possible use of an adhesive. Further examination proved 
conclusively that the weld was of si milar material to the remainder of the 
tank. A curious observation was made that in one location in the weld , a 
granule of unmelted polymer was wedged, but as this was not germane to 
the main theme of the work, it was not investigated further. 
A thick section of the weld is shown in Plate 4.21A from which it 
is possible to draw several conclusions: 
----------------------------------------------- -
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The unsatisfactory nature of weld can be seen: 
(1) the crack is already almost half way across the weld, and in the 
uncracked position there is clear evidence of the polymer being in a state 
different to the remainder of the polymer. 
(2) the two halves of the tank, which constitute the weld, have been 
subjected to very different heating treatment prior to being pressed 
together to form the weld. This can be inferred from the much greater 
flow into the welding be"ds of polymer on one side of the junction, and by 
the reheat zone of the same polymer. 
(3) voids are marginally visible in the centre regions of the sections. 
Thin sections were then taken from each half of the weld and 
viewed under corn mon light. It can be seen that in the low flow half of the 
weld , the a lignment of glass fibres was in a direction parallel to the weld; 
this is for ma terial which has not been remelted. Similar behaviour was 
found in the other half of the weld. It might be argued that to weld two 
surfaces with the glass fibre orientation already Observed would lead to 
joints of low strength, since the fibre would not contribute to the strength 
at all. The very marked orientation in the flow zone of the weld, and the 
textural differences of the polymer which has been melted and 
recrystallised in the welding process can be seen in the composite 
micrograph designated Plate 4.218. Plate 4.22A again shows orientation of 
the glass fibres in the lip somewhat remote from the weld; the voids 
resulting from the moulding process are clearly visible. 
The uncracked portion of the weld shown in Plate 4. 21A has been 
thin-sectioned and examined microscopically. It can be clearly seen in 
Plate 4.228 that the fibres in the flow zone of the weld are strongly 
oriented in the flow direction of the melt, whilst the polymer which has 
been squeezed out to form the major bead seems to have developed 
transverse orientation of its glass fibres. The notch at the end of the weld 
can be seen as the sharp notch created by the welding bead folding back on 
to the original surface of the moulding. Notches such as this act as local 
stress concentrations and are a well known source of weld failure. 
All the evidence cited above proves that the welding process has 
been carried out most unsympathetically, with evidence of different 
------- - -------- - --------
Plate 4.20 
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A - Coolant tank 
examined 
50mm 
B - The internal 
ribbing, showing un-
accountable gap 
20mm 
C - An unsatisfactory 
weld, separated into 
two parts 
10mm 
General view of the Meastro coolant tank examined 
(Plates 4.20 - 4.22 record observations on tank made by 
injection moulding/welding in glass fibre 
reinforced polypropylene) 
A Cross section of the major weld 5mm 
B Corn mon light mic rograph of f ibre a lignment in the flow zone of the weld 
Plate 4.21 Exam ina tion of the major weld 
..... 
... 
o 
A 
B 
Plate 4.22 
Voids and fibre alignment 
in lip of moulding 
Uncracked region of weld , 
showing fibre orientation 
250llm 
500llm 
Common light micrographs of fibre orientation 
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time/temperature regimes being applied to the two halves of the tank. 
There is some indication that the hot plate temperature was excessive, 
possibly leading to degradation of the polymer and a deteriorated bond 
strength. 
4.7.3.3 General conclusion 
A tank which has been tested to failure was examined in respect 
of overall design, method of manufacture, and the microstructure of 
critical regions of the tank. By current pract ice, it appears to have been 
overdesigned in respect of stiffness, with complex reinforcing ribs which 
are largely unnecessary, leading to orientation problems with the glass 
fibre and to voids in the sensitive region of the weld. 
Both the design of the moulds, and the processing of 
polypropylene have been carried out unsympathetically. Totally unsuitable 
conditions appear to have been employed in the welding stage, with 
evidence of poor control of the process, leading to regions where there is 
little, if any, cohesion between the two parts. There is no doubt that the 
weld is a region very susceptible to stress-solvent cracking in the presence 
of an aggressive environment. 
4.7.4 'Metro' Coolant Tank Manufactured by Injection Moulding/ 
Welding in Glass Reinforced Polypropylene 
A tank made in glass-filled polypropylene which failed due to 
unsympathetic welding conditions has been reported in the preceeding 
sect ion. It is of great interest to understand whether there is any other 
reason, besides the poor welding process, to conspire to make this 
contending method of manufacture less effective than might have been 
hoped. A further examination of the 'Metro' coolant tank, which is also 
manufactured by injection moulding/welding in glass reinforced poly-
propylene, has been made. 
4.7.4.1 The moulding examined 
The specification of pressure test calls for 2 hours at 130°C at 
16psi, followed by 250 hours at 110°C at 18psi. However, the tank being 
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injection moulded in two sections and welded together had failed 
comprehensively after 100 hours in the proof pressure test, with a 
multitude of cracks, mostly initiated at the inner surface, and many 
breaking through to the outside to leak antifreeze. 
A preliminary examination of this tank (Plate 4.23A) did not 
reveal any evidence of unsympathetic fabrication. It was clea r , however, 
that the tanks had failed the specificat ion test very badly, with many 
serious cracks being obvious. Cross-sections were taken at many of the 
crack locations and examined microscopically, to elucidate the cause of 
failure. The disposition of the cracks examined are indica ted in Plate 
4.23. 
On cutting open one of the tanks prior to sectioning, two features 
were observed which provide com ment on the fabrication. First is the very 
clu msy attempt to remove the sprue from the injection moulding 
comprising the lower sec tion of the tank. This has contribu ted to the 
development of a star-shaped crack ad jacent to the sprue . The other 
feature is the heavy welding- bead on the inner surface of the tank, and the 
milky appearance of the polymer in the bead, sug-gestive of a very high 
temperature, high pressure of short du ra tion welding regime. 
It was also observed that the two injection moulding-s comprising 
the tank we re not perfectly ma tched in size, the welded par ts being in 
alignment on one side of the tank whilst being d isplaced 1-2mm at the 
other side. Uneven cooli ng may have contributed t o this mismatch. 
4.7.4.2 M icrostructural exam ina tion 
Location 1 is across the main weld, with serious cracking evident 
both in the weld itself, and adjacent to it. Plate 4. 24A with crossed polars 
clearly reveals the familiar pattern of the reheat zone, with cracks 
developing at the original interface of the two injec tion mouldings, and a t 
the reheated/ not reheated interface . Reference to Plate 4.248, taken under 
common light, shows that a major factor contributing to the former crack 
is the perfect alignment of glass fibres parallel to the interface, the 
orientation being generated by high pressure used to effect the weld, 
probably with a large temperature gradient. 
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In the examination of the crack adjacent to the weld, it was 
observed that some of the cracks were not connected with the welding 
operation, and there is no evidence of glass fibre orientation: it appears to 
be a brittle st ress crack, encouraged by the active antifreeze environm ent. 
Note that whilst the crack initiated at the inner surface, it has penetrated 
the section thickness, allowing fluid to escape . If this view is correct, a 
contributory cause is the compara tively low molecular weight of the 
polypropylene, necessary to achieve a mouldable composition when loaded 
with glass fibre . 
Location 2, is a crack starting at the outer surface, progressing 
inwards in a brittle manner . The composite seems to be behaving in a 
brittle manner when the tank is pressurised at high temperature, behaviour 
which must be attributed to the polymer component, in the absence of any 
contribution from fibre alignment. 
The crack in Location 3 is one example of many where the tank 
has failed due to the combined e ffects of s tress concentration at the 
corners when the vessel is pressurised, with an aggressive environment of 
antifreeze solution, and a polym er which cannot wi thstand stress at the 
test temperature. Orientation of the glass fibres transverse to the flow 
direction is a function of the way that the mould has been filled, and may 
e nhance the weakness of the polypropylene. 
Location 4 was in the region of the pressure cap: Plate 4.2SA and 
B show for crossed polars and common light respectively, an area where 
the fibre orientation is favourable to crack arrest, whilst Plate 4.26A and 
B a corresponding adjacent area of less reinforcing f ibre orientation. 
Again, the corn ment must be that the polymer is of inadequate strength to 
withstand the loads imposed on it by the design. 
Location 5 was in a region which would be expected to exhibit the 
highest stress concentration when the tank is pressure tested. Plate 4.27 A 
shows for crossed polars light viewing, typical st ress cracks. Not all the 
failures are totally brittle, however; Plate 4.27B shows some bridging of a 
nearby crack by fibrils of polymer. 
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A stress fracture is encountered at Location 6, the curious 
geometry of this crack must be determined by fibre orientation and 
residual stresses from the injection moulding stage interacting with the 
stress resulting from pressurisation. Cracks in this region originate at the 
outer surface, confirming the weakness of the polymer, even in the absence 
of the active antifreeze solution. 
In a general failure situation as encountered here, the anticipated 
weakness of a weld at the interface between remelted and unremelted 
material leads to cracks such as those found at Location 7. These are 
shown for crossed polars and common light illumination in Plates 4.28A and 
B which are associated with the weld on the inside of the tank. The site of 
weld failure, again, demonstrates the undesirable features of the weld in 
the injection moulded/ welded coolant tank. 
4.7.4.3 General conclusion 
The general conclusion reached after a preli m inary inspection of 
this tank must be that the design and the material employed are not 
compatible with the method of manufacture adopted. Injection moulding 
the two half-tanks requires that an easy-flow (Iow molecular weight) grade 
of polymer is chosen. Filling with glass fibre impedes flow, forcing the 
choice of a polymer of yet even better flow and lowe r molecular weight. 
The glass fibres also lead to flow orientation during moulding, and during 
welding, the latter being enhanced by the use of less than opt imum welding 
conditions: such factors deteriorate a polymer which is not suffici en tly 
strong at test temperature. The inevitable weakness asociated with all 
welds at the textural interface provides a further region for crack 
initiation. 
Although excellent fabrication and butt-welds are possible with 
the polymer used, there is indication that the design, material and 
processing method is unlikely to lead to a coolant overflow tank of 
satisfactory performance. The most serious factor is probably the 
inadequacy of the polymer, the grade of which is determined by the 
injection moulding process and by the glass filling: in this situation the use 
of a glass fibre grade may be ill-advised. 
Plate 4.23 
50mm 
20mm 
20mm 
Different views of tank, showing disposition of various 
sections taken for microscopical examination. 
(Plates 4.23 - 4.28 recorded the investigation of a 'Metro' 
tank made by injection moulding/welding in glass fibre 
reinforced polypropylene) 
146 
Inner surface 
A Crossed polars lmm 
Inner surface 
B Com mon light lmm 
Plate 4.24 Crossed poiars and common light micrographs of cracking at the weld intel'face 
A 
B 
Plate 4.25 
Crossed polars Imm 
Com mon light Imm 
Crossed polars and common light micrographs of 
cracking in the pressure cap region wi t h fibre 
orienta tion favourable to crack arrest 
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Plate 4.26 
-- - - - - - - - - - - - -------------~ 
Crossed polars Imm 
Common light Imm 
Crossed polars and com mon ligh t micrographs of 
cracks in the pressure cap region with fibre 
orientation less favourable to crack arrest 
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Plate 4.27 
Inner surface 
Crossed polars Imm 
Inner surface 
Corn mon light (high magnification) 500llm 
Crossed polars and corn mon light micrographs of 
cracks from the region of the highest 
stress concentra tion 
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Plate 4.28 
Inner surface 
Crossed polars 1mm 
Inner surface 
Common light 1mm 
Crossed polars and common light micrographs of 
weld failures from ins ide of the tank 
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4.8 Conclusions 
(1) Very poor thickness tolerance was found in many mouldings; this 
being wasteful of material, and leading to lengthened cooling times. 
Examination of the surface texture of commercial tanks revealed 
that the mOUldings shrank away from the mould .surface, giving poor 
surface finish and slow cooling. The cause of this is undoubtedly the 
inability of the blowing pressure to withstand the shrinkage stress. 
(2) The minimum thickness requirement of the tanks has been calculated 
on the basis of the thin-shell theory, supported by tensile failure and 
relaxation data. The values of the minimum thickness have been 
proved satisfactory. However, it soon became apparent that all the 
coolant tanks suffered severe environmental stress cracking from the 
inner surface when tested with antifreeze environment. 
(3) Examination of the cracked mOUldings confirmed that the general 
character of the cracked regions was that normally associated with 
environmental stress cracking. Further investigations were carried 
out on the mouldings obtained from the industrial proof pressure test 
and the laboratory simulated pressure test and found that 
(A) Environmental stress cracking of the coolant tank is associated 
with the antifreeze environment. 
(B) Slow cooling employed in the inside surface of the mOUldings 
deteriorates the environmental stress cracking resistance. 
(C) The molecular weight factor also plays an important role in the 
environmental stress cracking resistance. It seems that the 
higher the molecular weight the better the environmental stress 
cracking. 
(4) (A) Examination of the infra-red spectra showed that the crack in the 
concave face of the Fiesta tank is not due to oxidation of 
polymer but is a stress cracking fracture. 
(B) Stress analysis with a finite element method, supported by tensile 
yield stress and relaxation data has been carried out to provide 
background to the failures encountered in practice. The result 
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identified that a concave face in the outside surface and stress 
concentration regions on the inner surface are major stress raising 
features in the design. These regions of highest principal stresses 
are those regions where the stress cracking and environmental 
stress cracking occurred. 
(5) Having identified the stress concentration regions, it became clear 
that the major weakness in the present coolant tank design is that the 
tank designer had apparently little or no regard for the load-bearing 
or manufacturing requirement. It would therefore be desirable to 
have greater collaboration between the engine layout designer and 
the plastics technologist to this end, rather than the shape being 
dictated by the former. 
(6) A simple equa tion was proposed in determining the minimum size of a 
'kiss-off'. It was found that for the 'weld' to remain intact the D 
(diameter of the weld) should be greater than 4 x t (thickness of the 
side wall) for the yielding of the side walls to occur rather than 
yielding of the welded region. 
(7) Attempts were made to use double edge notched (DEN) specimens 
and a fracture mechanics analysis to assess the brittle failure 
characteristics of the candidate materials at proof testing 
temperatures, both with and without e thylene glycol. Whilst the 
experiment failed conspicuously in its objective of induc ing brittle 
failure, some interesting observations were made. For sllch a DEN 
specimen there is complex stress vs. strain behaviour in the vicinity 
of the notches but when the necks subsequently traverse the waisted 
part of the tensile specimen, they do so at a significantly higher 
force than for the UN specimen. Further, the drawn material, 
although geometrically not at any higher draw ratio, manifests higher 
orientation by birefringence measurement and by distortion of the 
shape of the spherulites: evidently drawing at a higher force leads to 
enhanced orientation. 
(8) Three coolant reservoir tanks manufactured by injection moulding/ 
welding, two of glass fibre reinforced polypropylene and one of 
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sequential copolymer, have been characterised comprehensively. All 
had failed proof tests by cracking and leaking, the failures mainly 
being brittle in nature. Many of the cracks were associated with the 
main weld, joining the two halves together, even when the process 
had been carried out sat isfactorily, which was not always the case. 
The glass fibre reinforced tanks were particularly badly cracked, this 
being the result of residual ori en tation, accentuated by the glass 
fibres, especially in the weld, and probably the use of a low molecular 
weight polymer, to counteract the viscosity increasing effec t of the 
glass, thus ensuring mouldability. The other inevitable disadvantage 
of this process, compared with blow moulding, is 
residual s tress left in the injection mouldings. 
injection moulded/welded tanks behaved in inferior 
the much higher 
Therefore, the 
fashion compared 
with blow moulded tanks in respec t of envi ronmental stress cracking. 
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Chapter 5 
PROCESS CONSIDERATIONS: 
RESULTS, DlSCUSSION AND CONCLUSIONS 
S. l The Effects of the Blowing Pressure and Internal Cooling 
Two sets of exper iments were conducted on the Bradford half 
bot tle rig to assess the effec ts of the blowing pressure and internal cooling 
on the stru cture and properti es of blow mOUldings. The fir s t program me 
(Group I) was to study the effec ts of the blowing pressure, in which the 
shee t par isons were infla ted a t different blowing pressures , ranging fro m 
l 6ps i to 35psi. In the second programme (G roup 11) , a var ie t y of inte rnal 
cooling syst ems was investiga ted; a Sta ti c Air cooling system adopting 
norm al pla nt blow a ir, Forced Air and Liquid Carbon Dioxide inte rnal 
cooling sys t ems. 
The experi mental condi tions for mak ing half-bot t les are lis ted as 
follows. 
(A) Constant conditions e mployed 
Coolan t flow ra te 
Pari son tempera ture 
Coolan t te mperatu re 
Screw speed 
10 lit res pe r minu te 
180° C 
18°C 
100rpm 
(B) Variables used in the exper iment 
Group I, Blowing pressure 
Group lI , Internal Cooling 
Blow ing pressures of 3Spsi , 24psi, 
24ps i and l 6psi used for sam ples of 
AI , B, B2 and C2, respectively. 
Conditions of s ta ti c air, fo rced a ir 
and liquid CO 2 cooling used for 
samples of E, F and G respec t ively. 
As the thickness of the moulding vari es, the th ickness of each 
sample was measured and shown in Table 5.1. The area used for all 
investigations was approxim ately Scm x Scm from the centre which was 
found to have approxim ately constant thickness . 
............ ----------------------------------------------------
156 
5.1.1 Circumference Measurement 
The circumference of each half bottle was measured and the 
results are listed in Table 5.1. It can be seen that the moulding C2 made a t 
the lowest blowing pressure seems to have the lowest circumference of all 
the samples in Group I. 
5.1.2 Calcula tion of the Hoop Stress 
(1) . Shrinkage strain and stress 
For crys talline polymers , like polypropylene, t here are character-
istic melting and crys tall isa tion temperatures, and the specific volume also 
changes dramatically with crystallisation during the cooling process. The 
immediate e ffect of this change in specific volume is its majo r 
contribution to shrinkage. Birley e t al. have repor ted 15 tha t the specific 
volume of polypropylene changed from 1.30cm3/g to 1.18cm3/g when it 
during the cooling process . This sugges ts a crystallised a t 100 °C 
volumetric shr inkage of 
some 3%. 
10% which is equivalent t o a linear shrinkage of 
Shrinkage st ill occurs after crystallisation; however , this is not 
s ignificant in respect to t he cooling process considerations here bu t must 
be taken into account when dim ensions are importan t. 
(2) Time and tempera tu re dependen t data 
The time dependen t data for a propylene copolymer are taken 
from the 'Propathene' booklet pp no Data for Design Fig. 10, whence: 
s tress a t 100 seconds, 3% strain is l 55Kg/cm 2 = 15.1MPa. 
Tensile stress vs . s train data a t 20 0mm / min strain rate have been 
obtained for Propa thene HSE 110 injection moulded specimens for 
t emperatures up to 130° C. These are a va ilable in Fig. 4.5 and show that 
the 20° C data should be multiplied by 0.33 for temperature correction to 
90°C with a further density correction factor of 0.624 . Therefore the 3% 
isometric stress at 90° C and 100 seconds is 3.11Mpa. This can be crudely 
taken as the stress developed by 3% shrinkage. 
Table 5.1 Thickness and circumference measurement of half bottle mouldings 
Half bottle Thickness External circumference 
samples Moulding's specification (mm) of the half bottles (mm) 
Al Made by 35psi internal pressure 4 195 
~ B Made by 24psi internal pressure 4 195 
Q.. 
~ 
0 B2 Made by 24psi internal pressure 4.3 195 p; 
Cl C2 Made by 16psi internal pressure 4.6 194 
E Internal cooled by static air 3.5 194 
~ F Internal cooled by forced air 3.2 194 ~ 
Q.. 
~ G Internal cooled by liquid CO 2 0 3.3 194 p; 
Cl H Moulding shrank away from the mould 3 . 7 190 
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The above calculation indicates that the minimum requirement of 
the hoop st ress to counteract the shrinkage stress of the moulding during 
the cooling process is 3.1MPa. The hoop s t resses of the half bottles were 
calculated by the following thin-shell equation and data are listed in Table 
5.2. 
Hoop stress = Internal pressure (p) x Diameter of the moulding (D) 
2 x Thickness of the moulding (t) 
Clearly, it can be seen that the hoop stresses of samples Band B2 
were slightly less than that of the required hoop stress to counteract the 
shrinkage stress of 3.1Mpa. However, in the case of sample C2, the hoop 
s tress calculated was much less than that of the corresponding shrinkage 
s tress. Such a low hoop stress developed by the low blowing pressure would 
undoubtedly cause the moulding to be unable to withstand the shrinkage 
stress. These results are in good agreement with the result in the 
circumference measurement, indicating that the mOUldings with inadequate 
blowing pressure could shrink away from the mould early in the cooling 
process and retard the cooling cycle time significantly. 
Table 5.2 Hoop stress measurements of half-bottle mOUldings 
Internal Mean Thickness Hoop Sample pressure diameter (mm) stress (MPa) (mm) (MPa) 
Al 0.241 116 4 3.49 
Cl. B 0.165 117 4 2.42 ~ 
0 B2 0.172 116 4 . 3 2.33 p:; 
0 C2 0.110 115.5 4.6 1.37 
E 0.241 
== 
117 . 5 3 . 5 4 . 04 
Cl. F 0. 241 117 3.2 4 . 40 
~ 
0 G 0.241 117 3.3 4 . 27 p:; 
0 H* 115 3.7 
* Moulding H totally shrank away from the mould and will not be 
considered any further in the following discussion. 
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5.1.3 Microstructure Examination - Internal Texture 
Visual exam ination of the mouldings showed a good surface finish 
on all of the mouldings except moulding C2. This finding will be confirmed 
by surface replica exam ination. 
Thin sections were cut from the same location, which is in the 
central 2cm x 2cm region of each sample. These sec tions were examined 
in a Zeiss polarising microscope. 
(A) Effect of blowing pressure - Group I mouldings 
Plate 5.1X shows a microst ructure across the thickness of the 
moulding A 1. This is a typical internal texture for the four mouldings 
moulded with 20 ° C mould temperature but wi th 35psi, 24psi , 24psi and 
16psi internal pressure, respectively. Distinct fine texture was found in 
the outer layers of the mouldings; to wards the centre, the variation in 
texture was less defined. The si milarity in the overall picture of the 
microstructure in these mouldings might be due to the fac t th a t same melt 
and mould tempera tures were e mployed. 
On closer exam ination of the quench zone in the mouldings (Pla t e 
S. I Yand Z), it was clear that the highe r the in ternal pressure employed, the 
broader the quench zone observed. For example, in moulding A 1 there was a 
quenCh zone of the order of O.3mm wide, but only O.lmm approx im a tely for 
tha t of moulding C2 . Furthermore, more{3 -form spheruliti c crystallisa tion 
(brigh ter texture) was observed in the outer layers of the moulding AI, as 
com pared to tha t in moulding C2. This~ -form spherulitic tex ture also 
indicates tha t a higher cooling ra te and lower crystallisation tempera ture 
were employed in sample A 1. 
The appearance of the (3 - form spherulite is also in accordance 
with the results ob ta ined by Turner-Jones85 and Padden and Kie th.83 They 
reported tha t (3 -form spherulites are favoured a t relatively high 
supercooling. Turner-Jones also found that a very rapid quench of the 
polymer from the melt to below 130°C was required to produce the (3 -
form spherulite. 
Outside 
surface 
Outsid 
surface 
x - Typical mic ros t ructure across the thickness of the half bottle moulding 
Y - N ear outside surface of 
the mOUlding Al 
Outside 
surface 
Z - Near outside sur f ace of the 
moulding C2 
500llm 
Plate 5.1 Crossed polar s micrographs of the micros truc ture of the half bottle mOUld ings 
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The occurrence of a broad quench zone together with t3 -form 
spherulites in moulding A 1 seems to support the suggestion from the hoop 
stress calculation that higher blowing presSure provides a better contact 
be tween the moulding and the cold mould. This in return gives a higher 
heat transfer coefficient and a significant reduction in the cooling cycle 
time. 
(B) Effect of internal cooling - Group II mouldings 
In an a ttempt to reduce the cooling cycle, forced air and liquid 
CO 2 internal cooling systems were also used immediately after blowing the 
polymer. This is expected to show an effect on the cooling and hence 
properties of the inner half thickness of polymer which was previously 
cooled only slowly by the mould. 
The effects of the various internal cooling techniques on the 
internal texture of the mouldings were s tudied. The general appearance of 
the cross sections of the mouldings when examined in the polarising 
microscope is shown in Plate 5.2. On closer exam ination, it can be see n 
that the microstructure differs among these three mouldings. Finer 
texture and broader quench zone appear in the forced a ir cooled sample 
(moulding F) than appears in the s ta tic air cooled sample (moulding E), 
especially in the region of the inside surface. The sample (moulding G) 
cooled with carbon dioxide shows even finer tex ture than that of the forced 
air cooled sample. 
A cross section of the moulding G, cooled by carbon dioxide shows 
that two distinct quench zones are readily visible on the inner and outer 
surfaces of the moulding. This demonstrates that very effective cooling 
has been employed on both sides of the moulding G. 
The finer texture and broader quench zone shown in the mouldings 
F and G are associated with the internal cooling which removes heat from 
the inside surface of the mouldings; the texture of the inside surface was, 
therefore, affected directly. To demonstrate this, a scanning electron 
microscope was employed to examine the texture of the inner surface 
of the moulding. Plate 5.3 shows that a coarsely spherulitic texture, 
containing individual voids, was apparent on the inside surface of the 
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moulding E, whilst the spherulitic texture was less defined in the moulding F. 
No evidence whatsoever of surface spherulite was found in the moulding G. 
It is well known that the size of spherulite is inversely related to 
the cooling rate. The above results indicate that a much greater cooling 
effect can be achieved, in the blow moulding, by employing carbon dioxide 
or forced air internal cooling systems instead of static air. Adequate 
blowing pressure then enables the moulding to counteract the shrinkage 
stress, and the internal cooling system provides an increase in the overall 
rate of cooling. 
Details of heat transfer In the blow moulding process will be 
discussed later. 
5.1.4 Effect of the Blowing Pressure 
- Outside Surface Texture Examination 
The surface replica technique developed in this research 
programme has been reported in Section 4.1.1 and found very useful in 
examining the surface texture of the mOUldings and in determining whether 
a moulding has shrunk away from the cold mould in the early stages of the 
blow moulding process (Section 4.1.1). 
To demonstrate the effect of the blowing pressure on the outside 
surface texture of the moulding, a comparative study was concentrated on 
the surface texture of two half bottle mOUldings Al and C2. Examination of 
the surface replicas in Plate 5.4 shows that there are many globular grains 
on the surface of the moulding C2 but only a flat surface on moulding AI. 
Similar features were observed when the mOUldings were examined by 
scanning electron microscopy. As shown in Plate 5.5, the globules are 
obvious and well developed in moulding C2 while they are less pronounced 
in moulding AI. The average size of the globular particles was measured 
from the micrographs obtained from both techniques and found to be 
approximately 1-5Ilm. 
The above observation of the globular particles was in good 
agreement with those results reported in Section 4.1.1, in which similar 
globular particles were found in the thick section of the coolant reservoir 
-------------------------- . ------------------.----------------------~ 
Plate 5.2 
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A - Static air 
cooling 
lOOllm 
B - Forced air 
cooling 
lOOllm 
C - Liquid CO2 
cooling 
lOOpm 
Crossed poiars m icrographs of the microstructure 
across the thickness of half bottle mouldings 
made by various internal coolings 
Plate 5.3 
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A - Static a ir 
cooling 
50l1m 
B - Forced air 
cooling 
50l1m 
C - Liquid CO2 
cooling 
Scanning electron micrographs of surface textures 
on the inside surface of half bottle mouldings made 
by various internal coolings 
M 
N 
Plate 5.4 
---- - - - - ---
Surface replica of moulding A 1 50llm 
Surface replica of moulding C2 
Corn mon light micrographs of the outside surface 
texture of the half bottle mouldings 
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p 
Q 
Plate 5.5 
Outside surface texture 
of moulding A 1 
Outside surface texture 
of moulding C2 
50llm 
Scanning elect ron micrographs of the outside surface 
texture of the half bottle mouldings 
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tank. These results could be attributed to inadequate blowing pressure 
having been employed to both the thick section of the coolant tank 
(Section 4.1.1) and half bottle moulding C2. This results in a lower hoop 
stress which is unable to counteract the shrinkage of the mouldings. The 
globular particles are then able to develop when an insulating cushion of air 
between mould and moulding occurs, retarding the cooling significantly. 
5.1.5 Experimental Cooling Temperature Profiles 
Cooling temperature profiles were obtained by using a radiation 
pyrometer to record the temperature of the inside surface during the 
cooling process. 
(A) Effect of blowing pressure 
Fig. 5.1 shows the inside surface temperature profiles as a 
function of time for the mOUldings prepared at 16psi, 24psi and 35psi 
internal pressure. At the polymer-gas interface (inside surface), heat 
transfer is poor because of the low value of heat transfer coefficient due 
to natural convection. Thus, the temperature is reduced only slowly. The 
release of crystallisation heat tends to retard such a cooling process even 
further , and introduces a crystallisation plateau in the cooling profiles. 
Fig. 5.1 also shows more pronounced crystallisation plateaux in the 
mOUldings B1 and C2. This means that for a short period of time, 
mOUldings Bl and C2 were maintained at constant temperatures of 108.9 a C 
and 110.8 aC respectively. However, the crystallisation plateau was less 
evident in moulding Al which has a crystallisation temperature at 93.8 aC . 
The shapes of these cooling profiles could be explained as follows: 
As the cooling is achieved principally through the mould, the melt 
crystallisation of polymer generally proceeds from the outer surface 
towards the inner surface. The latent heat of crystallisation continues to 
dissipate, and retards the cooling process until the crystallisation front 
reaches the inside surface. Thereafter, the cooling rate is then able to 
come back to the same rate as before. 
The higher the cooling rate, the faster the rate of dissipating the 
latent heat of crystallisation and therefore the shorter the crystallisation 
plateau. 
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From the slopes of the cooling curve, it is seen that the cooling 
rate of moulding Al was faster than that of moulding 81, and moulding 81 
was faster that that of moulding C2. The highest cooling rate in the 
moulding Al has resulted in the lowest cooling cycle time and 
crystallisation temperature among the mouldings. These results are shown 
in Table 5.3. 
The overall cooling time can be calculated from the time when the 
inner surface has cooled below the crystallisation process, since there is 
little reason to retain the product in the mould after this time. To this 
end, as shown in Fig. 5.1 and Table 5.3, it can be seen that the high blowing 
pressure employed in moulding Al gives a cooling time approximately 65 % 
of that of the imperfectly cooled moulding C2. 
Table 5.3 Effect of the blowing pressure on the cooling rate 
- experimental data 
Crystallisation* Cooling** Cooling A ppearance of 
Sample temperature time rate the crystallis-
( ·C) (sec) (·C/ min) ation plateau 
c.. Al 93 . 8 60 70 NO 
0 8 108 . 9 0- 72 49 YES 
~ 
0 C2 110 . 8 99 40.6 YES 
c.. 
0 E 99 70 70 YES 0::: 
~ F 95 56 97 NO 0 
* The crystallisation temperature was determined on the basis of the 
second deflection point of the cooling curve. 
** The minimum requirement of the cooling time is judged on the basis 
that the inner surface temperature of the moulding has passed the 
crystallisation temperature. 
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Garg et a1. 17 have reported that the temperature of the inner 
surface is that governing the mould opening time, and the moulding can be 
removed as long as the inner surface has been cooled below the 
crystallisation temperature. 
Examination of the cooling profiles in this section has undoubtedly 
reinforced the conclusions der ived from the earlier work, i.e. the hoop 
stress calculation, microstructure and surface texture exam ina tion . All 
the evidence points to the impor tance of retaining contact between the 
moulding and the mould surface by an adequat e blowing pressure for 
optimum hea t t ransfer , but also for surface finish, since loss of contact 
before crystallisation allows tex ture to be developed on the surface. 
The importance of adequa te blowing pressure in blow moulded 
coolant reservoir tanks has also been found. Initia lly, a 60psi blow ing 
pressure had been adopted in manufactu ring coola nt ta nks a t R.B. 
Blow moulders. This pressure results in the poor surface finish in the thick 
sec tion of the mouldings , as reported in Section 4.1. Obviously, this is 
because the hoop stresses genera ted by a 60psi blow ing pressure is only 
enough for the thinner sections, bu t not for the thicker sec tions, of the 
moulding to counteract the shrinkage. Therefore, the thicke r sec tions of 
the moulding tend to shrink away from the mould and produce a poor 
surface finish. Th is situation is even worse when most of the coolan t tanks 
are of irregular Shape and have a very wide thickness va ri a tion (as reported 
in Section 4.1 the Escort tank has a thickness varia tion from 3 m m to 
llmm). 
The 90psi blowing pressure, which is the maximum pressure 
currently available, was soon adopted instead of 60psi in R.B. Blowmoulders. 
They found tha t mouldings did not shrink away from the side walls of the 
mould and better surface fini sh as well as better cooling efficiency were 
achieved. They also repor ted tha t a be tter quality of product could be 
obtained since dimensions and tolerances of the moulding could be kep t 
very consistent. 
(B) Effect of internal cooling 
A similar analysis has been carried out for the case of internal 
cooling systems. 
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Fig. 5.2 shows cooling profiles as a function of time for forced air 
cooling (with a t rgical heat transfer coefficient of 50W/m 2K on the inside 
surface when the object is in the mould) and static air cooling. It reveals 
that a forced air cooled moulding has a lower crystallisation temperature 
- ~ 
and a shorter overall cooling time than that of the static air cooled 
moulding. This improved internal cooling is particularly important in the 
higher thickness mouldings. Suvanaphen has conducted an experiment with 
HDPE mouldings of wall thickness 5mm, 7.5mm and 10mm using the same 
operating conditions in each case and found that the thinnest moulding 
cools rapidly throughout the material but the two thicker ones cool more 
slowly. This is shown in Fig. 5.3. 52 
That the cooling rate affects the crystallisation temperature and 
the degree of supercooling is a well known phenomenon . Indeed BirIey15 
has reported that all the crystalline plastics supercool to some extent; the 
higher the ra te of cooling, the higher the degree of supercooling. 
The cooling temperature profile was not recorded for the liquid 
CO 2 cooled mOUldings. This is mainly because CO 2 absorbed the same 
frequency in which the pyrometer operated and partly because the 
pyrometer might not have been able to stand the lower temperature of 
-40°C when the carbon dioxide expanded adiabatically after injecting into 
the blown part. However, another set of experi ments was conducted to 
compare the efficacy of the internal cooling systems. This experiment was 
conducted by measuring the temperature of the inner surface and observing 
the reheating effect of the mouldings after removal from the mOUld. 
The opening time for each cooling system was selected in such a 
way that the mouldings would give a maximum uniform temperature of 
72°C after removal from the mould. The opening times chosen were 20 
seconds, 55 seconds and 70 seconds for the liquid CO 2, forced air and static 
air cooling, respectively. 
The study of the reheating curves (Fig. 5.4) in the inner surfaces 
of the mOUldings shows that there are no temperature rises in the forced 
air and static air cooled mouldings. Only a negligible temperature rise of 
the order of 0-6°C was recorded in the carbon dioxide cooled moulding. 
This could be explained as follows: 
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A t the polymer-mould interface, the temperature remained 
constant at 23 ·C. When the object was taken from the mould after the 
pre-selected opening time , there was an internal redistribution of heat 
resulting from the change in mechanism of cooling. The inside surface 
temperatures for mouldings continued to fall a t a rate slower than that 
observed before the mould was opened. However the outside surface 
temperature rose rapidly because hea t was not being transferred to the 
surrounding air as fast as it was conducted through the metal mould. 
The small temperature rise in the liquid CO2 cooled moulding 
could be due to the very low temperature of the liquid CO 2 used in the 
sys tem . 
It is also intersting to note that in the reheating curve the 
temperatures even out at the same level for the three different internal 
cooling systems. This indicates that a sim ilar amount of the heat has been 
removed from the original mouldings; thus, the cooling times can be 
compared directly. 
Judging from these pre-selected opening times, it seems that a 
blow moulding process with an im proved internal cooling syst em can 
benefit from an approxi mate 25 percen t reduction of cooling cycle time for 
forced air cooling. This is because in this system, norm al plant compressed 
a ir is circulated, thus, increasing heat transfer and reducing the cooling 
cycle time. Ryder47 has reported that with the Cyclic Air Process (forced 
a ir cooling) the reduction in cooling cycle time was 15 percent. 
The above result indicates that the reduction in cooling cycle 
time is even greater (approximate 70 percentage reduction of cooling cycle 
time) with the carbon dioxide system . In this system liquid carbon dioxide 
is injected after blowing the moulding to shape with plant air; contact 
between liquid carbon dioxide and the hot moulding is followed by 
vaporisation, superheating and exhausting of the coolant as hot gas through 
the blow pin exhaust. Thus, a substantial reduction in the cooling cycle 
time can be made. Indeed, Otis Port reported101 that a carbon dioxide 
cooling system not only can reduce 50% to 80% of total cycle time, but 
also can improve dimensional stability and stress cracking resistance. 
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5.2 Mathematical Model of the Cooling Process 
The importance of an adequate blowing pressure and internal 
cooling techniques has been demonstrated in the previous sections. A 
theoretical model developed by Bradford University13 was also employed 
to predict temperature profiles in a thick-walled moulding. This is a one-
dimensional heat flow model, and assumes that the plastic moulding 
re mains in contact with the mould until the mould is opened . To use this 
model, thermal data on enthalpy and thermal conduct ivity have been 
obtained. 
5.2.1 Thermal Conductivity 
The thermal conductivity was measured on disc sa mples of 48mm 
diameter and 1.7-1.8mm thickness. The disc was compression moulded a t 
200 DC for 15 minutes then subsequently cooled down to 60 DC in the press 
for 10 minutes. 
The graph of thermal conductivity as a function of temperature is 
shown in Fig. 5.5. It can be seen that in the solid phase the conductivity 
decreases gradually with increasing tempera ture. On going through the 
melting temperature range there is a la rge decrease in the value of 
con ducti vi ty. 
The observed decrease in the conductivity at the melting 
temperature is associated with the melting of the crystallites, the 
amorphous polymer having a lower conductivity. 
This result is in agreement with that of previous workers.44 ,45 It 
is known that conductivity increases with increasing degree of 
crystallinity, hence it is difficult to compare the results quantitatively 
with those of other workers because of differences in sample densities. 
The presence of ethylene comonomer in this sample (ethylene modified 
polypropylene) could make the comparison yet more difficult. 
As the Bradford model was used in the cooling mode, the thermal 
conductivity data were subjected to some adjustment, since they were 
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obtained in the heating mode. It appears from the data obtained in the 
polymer melt that the effect of temperature on conductivity is quite small. 
It is therefore proposed that the results for polypropylene melt be 
extrapolated do~ ... n into the supercooled region, that is down to 92·C, at 
which temperature the crystallisation process is assumed to take place 
instantaneously and the thermal conductivity values revert to those 
obtained in the heating mode. This result is shown in Fig. 5.5. 
5.2.2 Enthalpy 
The enthalpy data were supplied by the Petrochemical and 
Plastics Division of Imperial Chemical Industries. These were obtained in 
the cooling mode on the same grade of impact-modified polypropylene, 
Propathene HSE 110, but at a cooling rate of only 20·C per minute. Under 
these conditions the exotherm peak is at 102.33 ·C, whereas a 
crystallisation peak at 97·C for a cooling rate of 50 deg. C per minute has 
been recorded from the DSC measurement (as shown in Table 5.10, later). A 
'guesstimate' for the exothermic peak response at the cooling rates in blow 
moulding might be 92-93 ·C, therefore the lCl data were adjusted by 10 
deg. C. These data are shown in Fig. 5.6 and tabulated in Table 5.4. 
5.2.3 Prediction of Temperature Profiles 
The above thermal data were written into the Bradford COOling 
model. The temperature distribution in the cooling object can then be 
predicted for a variety of operating conditions. This calculation was 
conducted at Bradford University. 
5.2.3.1 Effect of the moulding thickness and parison temperatures 
The typical result is shown in Fig,S. 7 for a half bottle moulding 
of polypropylene of thickness 4mm, initially at a temperature of 155·C. 
The mould temperature was taken as 10·C, the gas temperature 20·C, and 
it was assumed that there is no enhanced internal cooling. 
The temperature distributions within the polymer for the above 
case show that the polymer adjacent to the mould, (outside surface), cooled 
to 10·C im mediately, due to the assumed perfect thermal contact between 
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Table 5.4 
Temperature 
(OC) 
240 
235 
230 
225 
220 
215 
210 
205 
200 
195 
190 
185 
180 
175 
170 
165 
160 
155 
150 
145 
140 
135 
130 
125 
120 
115 
110 
105 
100 
EnthaJpy data for Propathene HSE 110 
(Adjusted for fast cooling rate) 
Specific EnthaJpy Temperature Specific heat change (OC) heat (kJ/kg °C) (kJ/kg) (kJ/kg °C) 
2.130 700.743 99 3.645 
2.489 688.426 98 4.396 
2.580 675 . 721 97 5.678 
2.621 662 . 681 96 7.833 
2.696 649 . 385 95 11.145 
2.723 635.798 94 15.138 
2.749 622 .1 79 93 18 .159 
2.766 608.408 92 18.615 
2. 811 594 .440 91 16.067 
2.827 580 .432 90 11.859 
2.829 566 .2 35 89 8.027 
2.849 552 . 031 88 5.586 
2.868 537.713 87 4.390 
2 . 876 523.255 86 3 . 930 
2. 930 508.742 85 3.751 
2.890 494.195 80 3.278 
2.919 479.628 75 2 . 948 
2.956 464.959 70 2.749 
2.946 450 . 212 65 2 . 650 
2.942 435.479 60 2.567 
2.981 420.628 55 2.480 
2 . 954 405.739 50 2.468 
2 . 949 390.971 45 2.389 
2. 398 376.258 40 2 . 266 
2. 935 361 .579 35 2.159 
2. 940 346 . 919 30 2.084 
2.923 332.295 25 2.020 
2.920 317.682 20 1.939 
3.621 302.759 
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EnthaJpy 
change 
(kJ/kg) 
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mould and moulding. At the polymer/gas interface however, the rate of 
heat transfer is poor because of the low value of heat transfer coefficient 
due to natural convection (5W/m OK). 
To show a comparison between theory and experimental data for a 
half bottle moulding, the experimental data are superimposed on the 
theoretical temperature profile of Fig. 5.7 . It can be seen that the 
temperature profile predictions of the inside surface are not dissimilar to 
the experimental results. The greatest deviation started to occur after 60 
seconds cooling time; this could be due to the longer opening time of 72 
seconds employed in the practical experiment. Some of the deviation could 
be attributed to the slightly different melt temperatures or blowing 
pressures employed. 
The agreement between experimental and theoretical data from 
the half bottle moulding gives support to our thermal conductivity data and 
to the Bradford theoretical analysis. This also confirms the reliabili ty of 
the experimental temperature profiles reported in Section 5.1.5. 
Fig. 5.7 also shows an internal redistribution of heat which tends 
to reduce the temperature gradients, heating up both the centre and the 
outer regions of the moulding when it was removed from the mould. 
However, this reheating was not sufficient to ra ise the outer surface 
temperature to the melting point of the polymer. The evident 
crystallisation plateau in the theoretical data is in agreement with the 
experimental temperature profiles, thus de monstrating the pronounced 
effect of the latent heat of crystallisation. 
With this model, a study of the cooling of the polymer at three 
different thicknesses (2.5mm, 4mm, 6mm) with a melt temperature of 
155°C has been made at Bradford University. The results show that as the 
polymer thickness is increased the cooling rate decreases for a given initial 
temperature. As shown in Figs 5.9A and 5.9B, the cooling rate of the 
2.5mm thick moulding is much faster than that of the 6mm thick moulding. 
The results reported in Section 5.1.5 showed that the cooling time 
required in the moulding is necessary to ensure that the inner surface of 
the moulding has been cooled below the crystallisation temperature. From 
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Figs 5.8A to 5.8C it can be seen that 35 seconds is sufficient time to 
ensure that the 2.5mm thick moulding has cooled below the crystallisation 
range. In the case of the 4mm and 6mm thick mouldings this cooling time 
of 35 seconds was found to be insufficient. In each case the inside surface 
of the moulding is above its crystallisation temperature when the mould is 
opened and this could lead to a mOUlding of inferior quality. In fact the 
cooling times required (below 92°C) for the 4mm and 6mm thick mouldings 
are 60 seconds and 120 seconds, respectively (Fig. 5.9). 
The above result supports unambiguously the results reported in 
Section 4.1; that the thicker section in the coolant tank has been cooled 
much more slowly than the thin section . This would lead to a moulding 
with huge surface spherulites, and inferior quality. It is therefore 
important either to shape the moulding with a uniform thickness or to 
consider the thickest region of the polymer when calculating the cooling 
time requirement. 
Another investigation has been undertaken, with this model, to 
study the cooling of the moulding at three different initial temperatures 
(155°C, 180·C, 200·C). The required cooling time versus initial 
temperature is plotted in Fig. 5.10. It can be seen that as the initial 
temperature is decreased for a given polymer thickness the required 
cooling time is decreased, and this effect is more evident in the thicker 
mOUldings. 
5.2 .3.2 Effect of forced air cooling and liquid C0 2cooling systems 
An alternative procedure, as reported in Section 5.1.5, to improve 
the internal cooling is to cool the inner surface of the moulding by forced 
air or liquid CO 2 cooling. In this section, each internal cooling system can 
be considered in two parts: heat transfer and removal of the heat by 
coolant . 
To show the reliability of this theoretical treatment, a 
comparison between theory and experimental data for a half bottle 
moulding are compared and shown in Fig. 5.11. It can be seen that the 
temperature profile predictions of the inside surface cooled by the forced 
air cooling is very close to the experimental result, giving us confidence 
for the following discussion. 
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A - A moulding 
with a melt temp-
erature of 155 QC 
and a thickness 
of 6m m 
B - A moulding 
with a melt temp-
erature of 155 QC 
and a thickness 
of 4mm 
C - A moulding 
with a melt tem p-
erat ure of 155 QC 
and a thickness 
of 2.5mm 
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5.2.3.2.1 Cooling with forced air 
The computer prediction of the temperature profiles for the 
forced air cooling are shown in Appendix Cl-CB. For convenience, a 
sum mary has been compiled in Table 5.5. Throughout, it has been assumed 
that crystallisation has occurred, and the mould can be opened, when the 
temperature of the moulding has reached 90·C. 
Table 5.5 
Thickness 
(mm) 
4 
4 
6 
6 
Comparison of the sta tic air (natural convection) 
and forced air cooling 
Initial temp- Cooling time in mould (seconds) 
erature ·C Static air cooling Forced air cooling 
ISO 90 (Appendix C l) 50 (Appendix C2) 
200 100 (Appendix C3) 60 (Appendix C4) 
180 200 (Appendix C 5) 100 (Appendix C6) 
200 210 (Appendix C7) 120 (Appendix CB) 
These data in Table 5.5 indicate that a 40-50% saving in cooling 
time can be made by circulating the air around the inside of the moulding, 
thereby increasing the heat transfer coefficient from 5W/ m2K (natural 
convection), to 50W/ m2K (forced air cooling). 
To achieve such cooling efficacy, the additional requirement is 
that sufficient air is employed to carry away the heat: this may be 
calculated as follows: 
Assume that the mass of the tank is 600 gram, and that half the 
cooling is to be achieved via the inner surface; initial parison temperature 
is 200· C. A considerable fraction of the heat energy to be removed is the 
latent heat of crystallisation, a process which occurs at 90-95 ·C. The 
heat to be removed can be considered in two parts: 
(1) heat evolved in changing temperature from 200·C to 90·C, 
neglecting crystallinity, Q l' and 
(2) latent heat of crystallisation, Q2' assumed to be evolved at 90·C. 
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From the enthalpy vs. temperature data the magnitude of Q 1 and Q 2 can 
be obtained. 
= 246 kJ/kg and Q 2 = 156kJ/ kg 
Let VI litres of air at 1 bar pressure be required to cool the moulding 
(neglecting crystallinity) to an average temperature of 145°C, the initial 
temperature of the air being 20°C, i.e. corresponding to Ql' 
300 x 246 Joules = 
+ 
V 1 x (density) x (specific heat) x (temperature rise) 
V 1 x 1.243 x 1.107 x 125 
whence V 1 is 467 litres. 
A similar calculation involving Q 2 and V 2 leads to a value of V 2 of 530 
litres, on the assumption that this heat is abstracted at 90°C. 
Total volume of air required a t 1 bar is VI + V 2 = 997 litres. 
Assume that the moulding is 6mm thick, requiring a cooling time of 120 
seconds (by Bradford calculations) 
Rate of air flow = 8.3 litres per second (at 1 bar) 
or, for a pressure of 6 bars (and assuming that a ir behaves as an ideal gas) 
Rate of air flow = 1.38 litres per second (at 6 bars) 
5.2.3.2.2 Cooling with liquid carbon dioxide 
The analysis with liquid CO 2 cooling can also be considered in two 
parts: heat transfer and the removal of the heat by the coolant. For the 
first part, assuming a heat transfer coefficient of 600W/ m2K, and 10°C 
(and -50°C) for the coolant gas temperatures, and that the mould is opened 
when the polymer temperature is at 90°C, the following data are obtained. 
From these results (Table 5.6), it can be seen that using liquid 
carbon dioxide as the coolant reduces the cooling time to about 50% of 
that required for forced air cooling, which is itself a 40% reduction on the 
time for cooling by natural convection (or static air cooling). 
A similar calculation to that carried out previously indicates that, 
for a cooling time of 1 minute, for a moulding initially at 200°C 
Total heat abstracted = Q 1 + Q2 = 402 x 300J 
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Enthalpy change in CO 2 which is vaporised a t -55°C with a la tent heat of 
273kJ/kg and then heated to an average temperature of 145°C, enthalpy 
change 187kJ/kg. 
Thus, 
Total enthalpy change, liq. CO 2 (at - 55°C) to gas (at 145 CC) is 
460kJ/kg. 
The mass of CO 2 needed is 260 grams . 
Th is requirement is spread over 1 m inute; the total cycle time is probably 
1 !-2 minutes, so that the liquid CO 2 usage is 7.8-10.4kg per hour, 
producing 30-40 tanks. 
Table 5.6 Comparison of various internal cooling systems 
Cooli ng time in mould (sec.) 
Polymer Parison Gas 
Thickness tempera t ure temperature Stat ic Forced Liquid 
(mm) (OC) ( CC) aIr air CO2 
4 180 10 90 50 30 
4 180 - 50 90 50 30 
4 200 10 100 60 30 
4 200 -50 100 60 30 
6 180 10 200 100 60 
6 180 -50 200 100 50 
6 200 10 210 120 70 
6 200 -50 210 120 60 
Further com ment must be made on the effect of the enhanced 
cooling ra tes on the properties. The faster cooling will reduce marginally 
the modulus and yie ld stress, although probably to a lesse r exte nt than 
would result from injection moulding. Beneficial effects on environmental 
s tress cracking would be expected from forced ai r or liquid CO 2 cooling, 
since interspherulitic cracks which are present at the inner surface of 
many current coolant tanks, and contribute to early failure, are not present 
for more rapidly cooled mouldings (reported in Section 4.3 .3). 
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It should be stressed that the Bradford model of the cooling 
process for blow moulding has been developed on the basis of the 
assumption that the plastic moulding remains in perfect contact with the 
mould until the mould is opened. 13 For thick-walled mouldings of small 
diame ter , this may not apply, and an air gap may open up between mould 
and moulding, caused by shri nkage. As reported in Section 5.1.4, this will 
affect signifi can tly both the surface quality and the ra te of cooling. 
However, the present model is too limited in its applica tion to the 
important consideration of the effect of blowing pressure. Hopefully the 
Bradford· model will be developed to accommodate this and demonstra te its 
importance. 
5.3 Shaping of Polypropylene in the Supercooled Region 
Supercooling is one of the characteristics of crystalline polymers 
and may persist for many tens of degrees below the melting point. 
However, there exist remarkably few da ta about polymers in the 
supercooled region. In response to this, a variety of techniques has been 
employed to investigate polypropylene in the supercooled region. 
5.3.1 Rheological Properties 
5.3.1.1 Melt viscosity measurement 
For this study, a n add itional heat ing barrel (pre-heater) was 
placed on top of the Davenport Capillary Rheometer. Measurements were 
carried out a t a series of shear rates of increasing magnitude, ranging from 
54.7 to 438 sec -1, as calculated from plunger speed and viscometer 
dimensions. Shear stresses were calculated from the measured force on 
the plunger and the dimensions. 
All the capillary dies used in the present work were of the tapered 
entry type . It is believed that a tapered entry angle can reduce the visible 
effect of melt fracture. 40 
Apparent viscosities, defined as the ratio of shear stress and shear 
rate, were calculated according to equation 2.5. The apparent viscosity 
data were then plotted against shear rate, as shown in Figs 5.12 and 5.13. 
To assess the effects of the thermal treatment (240°C for 10 
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minutes), the melt viscosity measurements were obtained for both 
thermally treated and non thermally treated 'Propathene' HSE 110. 
Figure 5.12 shows the apparent melt viscosity of 'Propathene' HSE 
110 obtained from the sample without subjecting it to the thermal 
treatment in the pre-heater (Group I experiment). It was found that the 
apparent melt viscosity increases with decreasing temperature and shear 
rate. When the temperature was lowered below 190°C, the melt viscosity 
was no longer obtainable, due to the gross distortion of melt fracture in the 
longer die (L = 20m m). 
Figure 5.1 3 shows the apparent melt viscosity measurement made 
first at 200°C and then at successively lower temperatures on 'Propathene' 
HSE 110 after it had been subjected to thermal treatment (240°C for 10 
minutes). 
When Figures 5.12 and 5.13 are compared, it is clear that a 
distinct decrease of melt viscosity occurred in the thermal treatment 
sample. This is clearly demonstrated by the comparison of melt viscosity 
measurements made at 190°C and 200°C in both cases. Furthermore, a 
reasonable melt viscosity was still obtainable at temperatures down to 
150°C for the thermally treated sample. This value is 40°C lower than 
that of the sample without thermal treatment. 
That the melt viscosity decreases with increasing shear rate could 
be attributed to the long chain molecules becoming progressively oriented, 
as the shear rate is increased. As the polymer is heated the molecules 
vibrate more rapidly and there is an increase in their mobility, explaining 
why the viscosity decreases as temperature increases. 
Initially, it was suspected that changes in viscosity between the 
thermally and non thermally treated samples might be due to degradation; 
but this was soon ruled out after an additional experiment. This was 
conducted by heating virgin pellets at 240°C for 10 minutes, thereafter 
COOling them to room temperature. They were then heated to 200 ° C and 
the melt viscosity measurement conducted. These data were then 
compared with a melt viscosity data of virgin material measured at 200°C. 
As shown in Table 5.7 the thermal treatment changed the final melt 
viscosity only slightly. This minor difference in melt viscosity could be 
attributed to the change in the thermal history of the sample and not 
degradation. 
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Table 5.7 Examination of the e ffect of prior thermal treatm ent (240°C for 10 minutes) 
on the melt viscosity measurement 
* ** 
Shear Melt viscos ity Log melt Melt viscosity Log melt viscosity 
rate for virg in ma~erial viscosity for for the rm ally trea2ed for thermally (l/sec) (N.sec/m ) virgin material sample (N .sec/m ) treated sample 
54.7 1621 3 .21 1559 3 .1 9 
109 976 2.99 945 2.98 
164 716 2 . 85 700 2.85 
219 573 2.75 565 2. 75 
328 415 2.61 417 2.62 
* This experi ment was conducted by heat ing virgin pellets a t 240°C for 10 minutes , thereafter 
cooling them to room tempera ture. They were then hea ted to 200 0 e and the melt viscosity 
measurement conducted. 
** All the melt viscosity measurement made a t 200°C . 
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The distinct decrease in melt viscosity of the thermally treated 
sample could be attributed to the changes in the melt structure. When a 
polymer is only heated to about 20°C or 30°C above its nominal melt 
temperature, the crystallite nuclei may persist in the melt and retain the 
memory of the order which existed in the solid. However, a high 
temperature treatment at 240°C is capable of destroying all the crystallite 
homogeneous nuclei, and they are not availBble for reformation as the melt 
is cooled below the melting point. Thus, the supercooling effect is marked. 
The above explanation was supported by D.C. Bassett. I06 He 
reported that the number of nuclei decreases progressively when the melt 
is tBken to successively higher temperBtures . To destroy previous 
nucleBtion sites it is necessBry to hold the polymer for a considerBble time 
Bt a temperature well above its melting point. 
5.3.1.2 Extent of supercooling 
To exploit the "degree" of supercooling of polypropylene, the 
experiment was conducted on the "Zero" die (L = 0) for the qualitative 
observation . The observation was conducted in the thermally treated 
sample over a range of temperatures from 200°C to 136°C and in a range 
of shear ra tes from 54.7 to 438 sec -1. 
As shown in Table 5.8, it was found that 'Propathene' HSE 110, 
a fter thermal treatment at 240°C, can be extruded from a Omm die in the 
series of shear rates ranging from 54.7 to 438 sec- l and over a 
temperature range of 200°C to ISO QC. The same result was also obtained 
at temperatures as low as 136°C with shear rates lower than 164 sec-I. 
However, severe flow defects started to appear at 136°C with the 
shear rate higher than 219 sec-I. No flow was possible at 136°C with the 
shear rate higher than 328 sec -1. These results strongly indicate that 
polypropylene, with proper thermal treatment, can be extruded at 
temperatures well below the crystalline melting temperature. 
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Table 5.8 Sum mar:t of the measurement of the 
extent of sUl2ercooling 
Shear rate 54.7 109 164 219 328.6 438.2 
Temperature l /sec lIsec lIsec l/sec l /sec l/sec 
240·C 0 0 0 0 0 0 
220·C 0 0 0 0 0 0 
200·C 0 0 0 0 0 0 
190·C 0 0 0 0 0 0 
180· C 0 0 0 0 0 0 
170·C 0 0 0 0 0 0 
160·C 0 0 0 0 0 0 
149·C 0 0 0 0 0 0 
136·C 0 0 0 0 X X 
The illustration of the symbols used above 
0 Reasonable flow obtainable 
0 Melt fracture 
X The cessation of flow 
This result is important and can be applied to the blow moulding 
process. In fact, the time requirement for the formation of a parison in 
blow moulding is much shorter than the 5 minutes cooling interval used in 
the melt viscosity measurement. Also, in the typical time scale 
appropriate to the blow moulding process, a cooling rate of 50-100·CI 
minute, re crystallisation will not occur until the melt has reached below 
IOO·C. Thus, provided that the polymer has been properly melted in the 
extruder, then the parison could be safely formed at temperatures below 
the melting temperature of polypropylene. 
5.3.1.3 Die swell and x-ra:t diffraction 
Die swell which is defined as the ratio of extrudate diameter to 
die diameter (die swell = D/Do) was also determined, and results are shown 
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in Table 5.9. It can be seen that at a fixed range of shear rate (54.7 to 
438 sec-I) die swell increases with shear rate and decreases with the 
length of the die. When the extrudates obtained from 200·e and 190·e 
for both thermally and non thermally treated samples were compared, it 
was also found that the die swell of the therm ally treated samples was 
lower than tha t of the samples without thermal treatment. This result is in 
good agreement with the melt viscosity results, indicating that thermal 
trea tment at 240 · C was capable of destroying almos t a ll the nuclei, thus 
retarding the increase of the melt viscosity. 
Table 5.9 Measurement of die swell 
A: Extrudates ob tained a t 190·e, for both thermally and non thermally 
treated samples 
Temperature = 190·e 
Die length = 20mm 
Shear Die swell Die swell 
rate Thermally Non thermally 
(l/sec) treated sample treated sample 
54.7 1. 23 1.38 
109 1.38 1.46 
164 1. 46 1.54 
219 1. 50 1. 85 
328.6 1. 54 1. 92 
B: Ext rudates obtained a t 200·e, for bo th thermally and non thermally 
treated samples 
Tempera ture = 200·e 
Die length = Omm 
Shear Die swell Die swell 
rate Thermally N on thermally 
(l/sec) treated sample trea ted sa m pie 
54.7 1. 92 2.15 
109 2.15 2.46 
164 2.31 2.54 
219 2.38 2.69 
328.6 2.46 2.85 
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The above observation is in disagreement with the result reported 
by A.K. Van der Vegt and P.A. Smith. 39 They found that for polypropylene 
at temperatures between l60·C and l80·C, and under certain shear rates 
the apparent viscosity sharply increased with the rate of shear, reaching 
such a high value that no further flow was possible for polypropylene a t 
t e mperatures below l60· C. They believed that orientation crystallisation 
was responsible for this phenomenon, in the same way that it causes 
spontaneous crystallisation in a highly st retched rubber vulcanisate . 
. The experiment perform ed shows that there is no sharp increase 
in the apparent viscosity with increase in the ra te of shear under the range 
of the shear rate claimed by A.K . Van der Vegt.38 Flow was s till 
ob tainable a t temperatures below l60·C. 
In order to check the exis tence of orientation induced 
crystallinity, fragments of extruda t e after ex truding from the die were 
exa mined by x-ray diffraction. Plate 5.6A shows the diffraction pattern of 
polymer being pushed out from the pre-heater (additional barreD after 
being heated there at 240·C for 10 minutes . Plate 5.6B is a diffraction 
pattern obtained on the polymer extruded at l50·C and shear ra te of 54.7 
l /sec (Group II experiment). The former pattern shows a purely random 
isotropic crystallisation and the latter only shows a slightly oriented 
crystalline structure. Th is result indicates that orientation induced 
crystallinity may only play a small part in the solid ification of the polymer 
even at temperatures lower than the melting temperature of poly-
propylene. 
It was also observed that the polymer was s till extrudable even a t 
• -1 
a temperature of 150 C and at the very high shear rate of 4380 sec , 
which is ten times the shear ra te (438 sec-I) used in the melt viscosity 
measurement. 
5.3.1.4 Other grades of polypropylene 
Having developed this double extruder system and completed the 
experiment of 'Propathene' HSE llD, the exploration of the supercooled 
A 
B 
Plate S.!> 
Polymer extruded from the pre-
heater after heating at 240°C 
for 10 minutes 
Polymer extruded at 150°C and 
shear rate of 54.7 sec- 1 
(group B experiment) 
X-ray diffraction pattern of polymers 
200 
201 
region was then continued for 4 other different grades of polypropylene. 
This was carried out in collaboration with P.C. COiling, a final year student 
from the Mechanical Engineering Department. 
Figures 5.14 to 5.17 show the apparent melt viscosity versus shear 
rate for sequential copolymer A, sequential copolymer B, sequential 
copolymer C and 'Profax' 7824, respectively. From the comparison of the 
grades it can be seen that the 'order' of the grades, by viscosity, varies for 
different temperatures. 
It was also found that, for each grade except sequential 
copolymer C, the melt viscosity was still obtainable at temperatures lower 
than the melting temperature of the polymer. This result supports the 
finding on the 'Propathene' HSE 110. 
For each polymer, it can be seen that there is an unusually large 
increase in melt viscosity over the temperature range 160°C to 150°C. 
One exception to this is sequential copolymer C 
increase is seen to occur from 170°C to 160°C. 
where this viscosity 
The unusually large 
viscosity increase may be associated with some form of pre-crystallisation 
effect, possibly nucleation. 
The variations in the order of the grades, by viscosity, would seem 
to suggest that: Profax 7824 and sequential copolymer C have a higher 
molecular weight than other grades. Indeed, this result is in good 
agreement with the MFI measurement reported in Section 3.4, in which 
Profax 7824 (MFI = 0.39) and sequential copolymer C (MFI = 0.38) have 
lower MFI than sequential copolymer A (MFI = 0.62) and sequential 
copolymer B (MFI = 0.72). 
5.3.2 Differential Thermal Analysis 
The melt viscosity measurement discussed in the previous section 
suggests that if the polypropylene has been properly thermally treated it is 
possible to extrude it at temperatures as low as 136°C. To support this 
finding it was decided to explore the "extent" of supercooling by a 
Differential Scanning Calorimeter. This work was carried out in 
collaboration with R. Streamer, a final year Mechanical Engineering 
student. 
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The five samples as listed in Section 3.4 were subjected to the 
particular heat/cool/heat cycle at cooling rates of 0.5°C/min, 5°C/min 
and 50 oC/min, as described in Section 2.6.2. However, when imposing the 
slow cooling rate regime of 0.5°C/min on the first sample (sequential 
copolymer B), it was noticed that the DSC cell had incurred a brown 
deposit on the surface. This was caused by polymer degradation due to the 
prolonged time at high temperature; cooling from 200°C to 150°C took 1 
hour and 40 minutes. In order to prevent this polymer degradation 
occurring in the cooling rate regime of 0.5°C/min, it was decided to have a 
cooling rate of 10 oC/min from 200°C to 150°C, then to change to 
0.5°C/min from 150°C to 40°C. The effect of this change in cooling rate 
on the crystallisation temperature was negligible. 
A typical DSC thermogram for the sequential copolymers is shown 
in Fig. 5.18. 
5.3.2.1 The effect of varying the cooling rate on 
crystallisation temperature 
The effect of cooling rate on crystallisation temperature is 
represented from the results in Table 5.10 and is shown in Fig. 5.19. The 
crystallisation temperature decreases rapidly with increased cooling rate. 
This relationship could be explained as follows: Heat dissipation from a 
sample that is being cooled takes a specific time due to the viscosity, 
thermal conductivity or related properties. At a high cooling rate, e.g. 
50°C/minute, the temperature on the outside of the specimen will be lower 
than the temperature inside it. There will be a temperature gradient from 
the outside to the inside. The heat in the middle that wants to escape 
takes a specific amount of time, and the sample can crystallise only when 
this time has elapsed. At 50 oC/min cooling rate this time has only elapsed 
when the temperature of the sample has reached about 9SoC. At a slow 
cooling rate, 0.5°C/min, the heat within the sample has more time to 
dissipate and is able to crystallise at a more uniform rate. As a result the 
temperature at which crystallisation occurs is much higher. 
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Fig. 5.18 Typical DSC thermogram of a sequential copolymer (sequential 
copolymer C) (1 - Heating at 10 deg.C per minute, 2 - Cooling 
at 5 deg.C per minute, 3 - Reheating at 10 deg.C per minute) 
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170 
Sequential copolymer A 
'Propathene' HSE 110 
Sequential copolymer B 
'Profax' 7824 
Sequential copolymer A 
'Propathene' HSE 110 
Sequential copolymer B 
'Pro fax' 7824 
Sequential copolymer A 
'Propathene' HSE 110 
Sequential copolymer B 
'Profax' 7824 
Table 5.10 Results obtained from differential scanning calorimetry 
Tm1* 
161. 5 
164.0 
166.0 
163.0 
(A) Values of pro~erties obtained b~ cooling: at 5°C/min 
POLYPROPYLENE 
Tm2* Tc* Aml* Am2* Ac* 
159.5 109.0 1806 1955 1129 
162.0 108.0 1675 1955 1124 
162.5 112.5 2846 3144 1574 
161.5 108.5 2632 3090 1569 
(B) Values of ~ro~erties obtained b~ cooling: at 0.5°C/min 
POLYPROPYLENE 
Tm1 Tm2 Tc Ac 
162.0 161.5 122.0 635.5 
162.5 161.0 119.0 754.8 
164.5 164.0 123.5 732.0 
162.0 161. 5 118.0 819.4 
(C) Values of pro~erties b~ cooling: at 50°C/min 
POLYPROPYLENE 
Tml 
161.5 
162.5 
161.5 
163.0 
Tm2 
161. 0 
161.0 
161.5 
161.0 
Tc Ac 
97.0 2432 
97.5 2019.4 
98.0 2645 
96.0 2064.5 
* Key to column headings: Tml 
Tm2 
Tc 
AmI 
Am2 
Ac 
1st melting temperature 
Reheating melting temperature 
- Crystallisation temperature 
Area of first melting endotherm 
Area of re-heat endotherm 
- Area of crystallisation exotherm 
POLYETHYLENE 
Tm Aml* Am2* 
120.0 23.87 54.2 
120.0 7 20 
122.0 10 26.5 
120.5 23.2 50.9 
POLYETHYLENE 
Tm 
120.0 
120.5 
122.0 
119.0 
POLYETHYLENE 
Tm 
120.0 
120.0 
121.0 
121.0 
.., 
o 
00 
130 
~ 
U 
° 
120 
~ 
'" .... ;:> 
..... 
01 
.... 
'" 0. E 110 
'" ..... 
c: 
0 
:;: 
01 
.!!l 
::l 100 01 
..... 
III 
» 
.... 
U 
90 
A - Linear coordinates 
-
~ 
- - - -
10 20 30 40 
Cooling rate (OC/minute) 
9 
--x - -
• 
Sequential copolym er B 
Sequential copolymer A 
Profax 7824 
-0- 'Propathene' HSE 110 
B - Linear-log coordinates 
130 
~ 
U 
° 
120 
'" .... ;:> 
..... 
01 
.... 
'" 0. E 110 
'" ..... 
c: 
0 
:;: 
01 
.!!l 
- 100 01 
..... 
-
III 
» 
.... 
U 
90 
50 0.5 5 
Cooling rate (OC/minute) 
50 
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5.3.2.2 The effect of MF! on temperature of crystallisation 
The result also shows that sequential copolymer B has the highest 
and Profax 7824 has the lowest crystallisation temperatures at all three 
cooling rates. This seems to correlate with the MF! result and melt 
viscosity measurement reported earlier. The effect of Melt Flow Index 
(MF!) on temperature of crystallisation is shown in Fig. 5.20. In general, 
samples that have a higher MF! have a higher crystallisation temperature. 
This could be due to the fact that it is easier for molecules of a sample 
with low molecular weight to move into the crystallising zone. The effect 
of molecular weight becomes less apparent at higher cooling rates but the 
effect is still noticeable in the result. 
The crystallisation temperatures are well below the melting 
temperatures for all four different polymers and at all three cooling rates. 
These results support the results of the melt viscosity measurements, 
reported in the preceding section, showing that polypropylene has an 
extended supercooling region. 
One may ask why the 'extent' of supercooling obtained from a 
double extruder system is lower than that resulting from differential 
thermal analysis. This could be explained that the measurement in 
differential thermal analysis only involved thermal effect. However, the 
melt viscosity measurement in the double extruder was affected not only 
by the thermal effect but also by the pressure, shear rate, orientation or a 
combination of these. Thus, the extent of supercooling is lessened. 
The exploitation of the marked supercooling in polypropylene has 
since been proved to be practicable on the production line at R.B. 
Blowmoulders. They have reduced the mass temperature from 195 QC down 
to 165 QC, and carried out tests which were successful. This modification 
would have two beneficial effects: 
(A) An introduction of a lower mass temperature and therefore less 
damaging exposure of polymer to the high temperature atmosphere. 
(B) The main economy comes from the reduction in cooling time since 
, 
this is typically the longest part of the production cycle. 
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5.4 Conclusions 
1. A comprehensive investigation on the surface texture, micro-
structure, hoop stress calculation and cooling temperature profiles of a 
variety of Bradford half bottle mouldings made by various blowing 
pressures has been carried out. All the evidence points to the importance 
of retaining contact between the moulding and mould surface by an 
adequate blowing pressure for optimum heat transfer, and for surface 
finish. 
2. Data for enthalpy and thermal conductivity for the fast cooling mode 
have been obtained by suitable adjustment of the DSC results for a cooling 
rate of 20 deg. C/minute and conductivity measurements in the heating 
mode. These have been written into a theoretical model developed by 
Bradford University to predict temperature profiles in the thick-walled 
moulding. The resulting temperature prediction agrees well with the 
experimental readings, thus giving support to our thermal conductivity data 
and to the Bradford theoretical analysis. 
3. The model has been run with various parison temperatures and 
moulding thicknesses. The results show a significant effect of moulding 
thickness and parison temperature on the cooling cycle time. 
4. To reduce the cooling cycle time, the efficacy of internal cooling 
techniques, including forced air cooling and liquid carbon dioxide, was 
studied by experimental half bottle mouldings and computer prediction of 
the temperature profiles. It was found that using liquid carbon dioxide on 
the coolant reduces the cooling time to about 50% of that required for 
forced air cooling, which is itself a 40% reduction on the time for cooling 
by natural convection (static air cooling). 
5. The possibility of turning a large degree of supercooling in a polymer 
to advantage by shaping the material in the supercooled region has been 
demonstrated. Rheological measurements have been made for a number of 
polymers at temperatures down to 150°C (the melt having been heated 
previously to 240°C). Extrudates were obtained from the rheometer down 
to 136°C. 
213 
6. In the meantime supporting data for the crystallisation of a range of 
polypropylenes at cooling rates of 50 deg. C/minute (Tc = 97°C); 
5 deg. C/minute (Tc = 110°C); and 0.5 deg. C/minute (Tc = 122°C) have 
been obtained by differential thermal analysis. This confirms the long 
supercooling region of polypropylene. 
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Chapter 6 
MATERIAL AND PROPERTIES CONSIDERATIONS: 
RESULTS, DISCUSSION AND CONCLUSIONS 
Although polypropylene is the first choice polymer, it is not an 
entirely suitable material in this application, since it suffers environmental 
stress cracking in the presence of an aqueous solution of antifreeze at 
elevated temperature. Indeed, some grades of polypropylene were even 
found to suffer stress cracking in air (as reported in Sections 4.3 and 4.4). 
A considerable programme was undertaken to investigate this behaviour. 
6.1 New Method of Measuring Ethylene Content in 
Ethylene-Propylene Systems 
First priority of elucidating the failure performance in 
acceptance tests for coolant reservoir tanks was to ascertain the ethylene 
content, since it would have a prime effect on structure and properties. A 
new method has been developed to determine the ethylene content in these 
propylene-ethylene systems. This method overcomes the problem 
associated with the sensitivity of the ethylene absorption band to 
crystallinity level by making the measurements at a temperature above the 
melting point of all types of crystalline polyethylene; typically, 
temperatures of 145-150 o C have been employed. At these temperatures, 
the crystalline polypropylene constituent remains largely unmelted, 
facilitating the handling of the specimens. 
The infra-red absorbance at 720-740cm -1, corresponding in our 
measurements to ethylene content, arises from the block methylene 
rocking vibration, for blocks containing a sequence of three or more 
methylene units. The band at 1165cm -1 is associated with the rocking 
vibration of the CH 3 group, and is thus a measure of propylene content. 
6.1.1 Calibration Curve for Ethylene Content 
The calibration curve in the early work was based on the results 
obtained on samples, principally blends of propylene homopolymer with 
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high density polyethylene, made on a very small scale, introducing the 
possibility of error in the blend ratio. The new calibration curve, Fig. 6.1, 
is based on a variety of propylene and ethylene polymers, extruder-blended 
at the 1-2kg scale. Polymers used for the calibration curve are listed as 
follows: 
Polypropylenes: 
'Profax' 6824, high molecular weight homopolymer 
'Propathene' GWM 22, Moulding grade homopolymer 
- 'Profax' 7631, Sequential copolymer 
'Profax' 7824, Sequential copolymer 
Ethylene polymers: 
'Unifos' OMOS 0905, High density (HOPE) 
'Oowlex' 2045, Linear low densit'y (LLOPE) 
'Escorene', Low density (LOPE) 
'Intolan' 170A, Ethylene/propylene rubber 
The various blends made up to obtain the calibration curve are 
detailed in Table 6.1. Film samples were moulded from each blend and 
each was scanned twice in the infra-red instrument, after 15 and 25 
minutes residence time in the hot cell. From the resulting spectra, 
comparison of the ethylene band absorption at 720-740cm -1 with the 
propylene band at 1165cm -1 monitored the ethylene/propylene ratio in 
the system. Values of this absorbance ratio are plotted against the known 
ethylene/propylene ratio to give the calibration curve in Fig. 6.1. 
The points corresponding to the LLO PE blends with the two 
sequential copolymers were calculated on the basis that the ethylene 
content of the copolymer was first obtained from the calibration curve. 
The ethylene content was increased by adding LLOPE, and the total 
ethylene/propylene ratio is plotted in Fig. 6.1. Similarly, the ethylene 
content of the ethylene/propylene rubber was first obtained by assuming 
the validity of the calibration curve (57%), and this value was then used to 
calculate the point for 90/10 PP/EP rubber. 
Table 6.1 Absorbance ratio at 145°C for various 
ethylene-propylene systems 
Material Absorbance ratio A720/A1165 
Profax 6824 0.019 
Propathene GWM 22 0.015, 0.0154 
Profax 6824 + 5% LLDPE 0.067, 0.062 
Profax 6824 + 10% LLDPE 0.144 (Mean of 10 results) 
Profax 6824 + 10% LDPE 0.130, 0.126 
Profax 6824 + 10% HDPE 0.142, 0.136, 0.149 
Profax 6824 + 20% HDPE 0.284, 0.297 
Profax 6824 + 10% E/P rubber 0.080, 0.076 
Propathene GWM 22 + 10% LLD PE 0.124, 0.131 
Profax 7631 0.124, 0.124 
Profax 7631 + 5% LLDPE 0.189, 0.188 
Profax 7631 + 10% LLDPE 0.247, 0.250 
Profax 7824 0.119, 0.125, 0.125 
Profax 7824 + 5% LLDPE 0.178, 0.186 
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It can be seen in Fig. 6.1 that the best fit to the data is a line not 
passing through the origin, that is the result suggests that the propylene 
homopolymer contain a small number of ethylene groups. A direct 
measurement on the homopolymers (Profax 6824 and Propathene GWM 22) 
confirmed the apparent presence of ethylene at a low level; this could 
possibly be derived from the catalyst system employed. 
6.1.2 Determination of the Ethylene Content of 
Various Polymers 
From the calibration curve in Fig. 6.1, the ethylene contents of the 
various sequential copolymers were obtained and are shown in Table 6.2. 
It can be seen that HSE 110 and two batches of sequential 
copolymers A and B have a small difference in ethylene content. 
Sequential copolymer, Profax 7824, from Hercules, is at the other extreme, 
0.4 
0.3 
0.2 
Fig. 6.1 
0.1 0.2 
! ~ l weight ratio 
Calibration curve for ethylene content in propylene-
ethylene systems 
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0.3 
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as it has the highest ethylene content of all. In practice, the incorporation 
of ethylene into the copolymer decreases the yield stress. The above 
ethylene content measurement seems to provide an explanation for the 
lower yield stress and stress relaxation modulus values obtained earlier in 
sections 4.2.1 and 4.2.2. Prentice has also reported that the effect of 
ethylene in block copolymers is to lower the yield stress.96 
Table 6.2 Ethylene content of various polymers 
Samples Absorbance ratio Ethylene A720/A1165 content 
HSE 110 1.103; 0.103 7.5% 
Sequential copolymer A 0.110; 0.110 8.1% 
Sequential copolymer B 0.116; 0.116 8.6% 
Profax 7824 0.119; 0.125; 0.125 9.1% 
6.1.3 Appraisal of the New Method 
Following the earlier work introducing the technique of infra-red 
scanning at 145 DC to determine the ethylene content of propylene-
ethylene systems, further work has been carried out to underpin the 
accuracy and reliability of the analysis. 
The effect of instrument variables 
The instrument used to record the spectra detailed in this work 
was a Pye-Unicam SP 3-200 infra-red spectrophotometer. Two of the 
facilities afforded by the instrument are a back-off control which, 
however, was kept at a constant setting (= 0) for the programme, and 
transmittance magnification, which is adjusted during the normal operation 
of the instrument. Confirmation that changes in the setting of this latter 
control did not affect the ethylene/propylene absorbance ratio was 
required. A 74/26 blend of polypropylene with ethylene/propylene rubber 
was chosen and the measurements made at ambient temperature, since it 
had already been established that temperature did not affect the 
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absorbance ratio for this system appreciably. Results are given in Table 
6.3. 
Table 6.3 The effect of instrument variables on the 
measured E/P ratio 
Transmittance E/P 
setting Absorbance 
% ratio 
250 0.2104 
200 0.2075 
200 0.2087 
150 0.2075 
The results in Table 6.3 compare with the high temperature 
(145°C) absorbance ratio of 0.214 and show a negligible difference, whilst 
the absorbance for propylene has changed from 1.055 to 0.374, for 
temperatures from 23°C to 145°C for the same specimen thickness, 
approximately. 
Reproducibility of the measurement 
Having proved in the last section that results for a single 
specimen are reproducible, it was desirable to examine specimen to 
specimen variability. For this series of experiments an extruder blended 
mix of 90/10 polypropylene/linear low density polyethylene was examined:. 
5 separate specimens were prepared from blend Which had been fUrther 
homogenised by injection moulding, and each was scanned twice, after 15 
and 25 minutes conditioning at the test temperature of 145°C. Results are 
given in Table 6.4. 
The low standard deviation shown by the data in Table 6.4 
demonstrates the reproducibility of the method. A change in the 
ethylene/propylene absorbance ratio of similar magnitude to the standard 
deviation results from a change of 0.5% in the transmittance recorded for 
the spectrum: such a change could easily arise from experimental or 
observational errors. 
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Table 6.4 Values of ethylene/propylene absorbance ratio 
Sample 1 2 3 4 5 Time 
15 minutes 0.152 0.148 0.137 0.142 0.141 
25 minutes 0.149 0.152 0.132 0.143 0.145 
Mean absorbance ratio = 0.144 
Standard deviation = 0.006 
Effect of the temperature 
Having noted that the constancy for the absorbance ratio for the 
blend of polypropylene with E/P rubber with respect to spectra at 25°C 
and 145°C and appreciating that this was not so for systems with 
crystalline polyethylene, the temperature dependence of the E/P 
absorbance ratio was investigated for blends containing 8 and 10% of 
HDPE. Further, the effect of temperature on a sample of sequential 
propylene-ethylene copolymer C was examined. This material was unusual 
in that the infra-red spectrum at 25°C showed little evidence of 
crystallinity, although it did show a polyethylene melting endotherm by 
Differential Scanning Calorimetry. 
Infra-red data as a function of temperature are given in Table 6.5 
for the sequential copolymer C and the E/P absorbance ratio is plotted vs. 
temperature in Fig. 6.2, whence it can be seen that the ratio decreases to 
an equilibrium value of 0.12 at high temperature, the reduction being in the 
melting region for linear polyethylene. For the same polymer, the 
absorbance due to propylene decreases linearly with temperature as can be 
seen in Fig. 6.3. The scatter in the results in the low temperature range is 
due to the Iow transmittance; a thinner specimen might have been 
advantageous. 
Infra-red scans as a function of temperature were then carried 
out on pp - HDPE blends containing 8 and 10% of the latter material. 
Results for the 8% blend are given in Table 6.6 and the E/P absorbance 
ratio plotted vs. temperature in Fig. 6.2, whilst the data for the 10% blend 
are presented in Table 6.7 and the E/P absorbance ratio plotted against 
temperature in Fig. 6.2. Additionally, the absorbances of Propylene as a 
function of temperature for both blends are plotted in Fig. 6.3. 
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Table 6.5 The effect of teml2erature on the 
sequential cOl2olymer C 
Temperature Absorbanc~lat Absorbanc~lat Absorbance 
measured 1165cm 720cm ratio 
(OC) (P)* (E)* (E/P) 
45 1.274 0.1746 0.137 
68 1.128 0.1619 0.143 
84 1.019 0.1416 0.139 
107 0.894 0.1183 0.132 
121 0.797 0.1034 0.130 
134 0.743 0.0891 0.120 
149 0.672 0.0809 0.120 
* Absorbance of the major part of the doublet 
Table 6.6 The effect of teml2erature on the l2olyprol2ylene-
HDPE blend (92/8) 
Temperature Absorbanc~lat Absorbanc~lat Absorbance 
measured 1165cm nOcm ratio 
(OC) (P)* (E)* (E/P) 
36 1. 4232 0.2981 0.2094 
68 1.1461 0.2558 0.2233 
84 1. 0669 0.2336 0.2190 
108 0.9243 0.1842 0.1993 
123 0.8751 0.1675 0.1914 
138 0.7866 0.1336 0.1698 
155(8 min) 0.7053 0.0759 0.1075 
155(20min) 0.7160 0.0731 0.1020 
158 0.7052 0.0759 0.1075 
163 0.6595 0.0702 0.1065 
168 - The specimen melted and collapsed -
* Absorbance of the major part of the doublet 
----------------------~-
Table 6.7 The effect of temperature on the polypropylene-
HDPE blend (90/10) 
Temperature Absorbanc~lat Absorbanc~lat Absorbance 
measured 1165cm 720cm ratio 
(Oe) (P)* (E)* (E/P) 
26 1. 2870 0.3886 0.3020 
31 1. 2235 0.3817 0.3119 
41 1.1938 0.3660 0.3066 
50 1.1921 0.3500 0.2936 
68 0.0916 0.3216 0.2945 
84 0.0125 0.2939 0.2903 
107 0.8960 0.2470 0.2756 
123 0.8311 0.2185 0.2629 
127 0.8293 0.2041 0.2461 
137 0.7800 0.1484 0.1903 
154 0.6953 0.0944 0.1358 
156 0.6776 0.0884 0.1304 
160 0.6551 0.0898 0.1371 
163 0.6000 0.0833 0.1380 
* Absorbance of the major part of the doublet 
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The curves in Fig. 6.2 offer support for the new high temperature 
method for estimating the ethylene content of propylene-ethylene systems. 
Inspection of the data in Tables 6.6 and 6.7 and the curves in Fig. 
6.2 show a dramatic decrease in E/P absorbance ratio in the temperature 
range associated with the melting of the crystalline HDPE, the decrease 
being more marked for the 10% blend. For both blends, however, the 
absorbance ratio settles to a constant at high temperatures, and Fig. 6.3 
shows that for both blends the absorbance of propylene behaves normally. 
It seems reasonable to associate the decrease in E/P absorbance ratio with 
the loss of polyethylene crystallinity, although the temperature of the 
process appears to be higher than might be expected. The temperature 
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readings were taken with a thermometer, the probe of which was adjacent 
to the specimen. 
Furthermore, comparison of the E/P absorbance ratio at 145°C 
with that at 25°C, illustrated in Fig. 6.2, suggests that the difference in 
these values might be dependent on the state of the ethylene. This is 
examined briefly in Table 6.8. 
Table 6.8 Comparison of the E/P absorbance ratio at 145°C 
with that at 25°C for various ethylene-propylene systems 
Material 
Profax 7631 + 5% LLDPE 
Profax 6824 + 10% LLDPE 
Profax 6824 + 10% LLD PE 
Profax 6824 + 10% HDPE 
Profax 6824 + 20% HDPE 
Profax 6824 + 10% E/P rubber 
Propathene GWM 22 + 10% LLDPE 
Propathene GWM 22 + 10% HDPE 
22 
Propathene GWM + 26% E/P rubber 
E/P Absorbance 
ratio A720/A1165 
at 25°C at145°C 
0.133 0.065 
0.337 0.144 
0.234 0.128 
0.315 0.142 
0.594 0.290 
0.084 0.078 
0.260 0.124 
0.300 0.138 
0.208 0.214 
Ratio 25 
Ratio 145 
2.05 
2.34 
1.83 
2.22 
2.05 
1.08 
2.10 
2.17 
0.97 
Inspection of Table 6.8 indicates that there probably is some 
relationship between the temperature dependence of the E/P absorbance 
ratio and crystallinity of the ethylene polymer. Results for the sequential 
copolymer in Table 6.5 and Fig. 6.2 suggest that the ethylene seems to be 
closer to the blends with E/P rubber than those containing crystalline PE, 
although it does exhibit a melting endotherm in DSC. 
Effect of propylene polymer characteristics 
Finally, it remained to prove that the characteristics of the 
polypropylene did not affect the measured E/P absorbance ratio. Infra-red 
spectra were obtained at 20°C for samples of a 74/26 polypropylene 
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(Propathene G WM 22)/EP rubber which had been quenched from the melt 
by cold water or slow-cooled in the press. Results are given in Table 6.9. 
Table 6.9 Effect of propylene polymer characteristics 
on the E/P absorbance ratio 
Samples 
Quenched samples 
Slow-cooled samples 
Mean E/P absorbance ratio 
0.206 
0.199 
The mean for earlier room temperature data for this same blend 
was 0.209. Thus the state of the polypropylene seems to have little effect 
on the analysis. The other indication that the pp characteristics do not 
affect the measurement is afforded by the fact that the calibration curve, 
Fig. 6.1, is based on homopolymers of different molecular weight from two 
manufacturers and on two sequential copolymers. 
6.2 Characterisation of Ethylene Modified Polypropylene 
The appearance of a globular texture of size approximately 
1-31lm in the sequential copolymer, Propathene HSE 110, has aroused a 
great deal of interest, since the globules are situated in a very vulnerable 
region of the inside surface of the mouldings, as reported in Section 
4.3.2.3. It is thus of considerable importance to determine their 
constitution and much effort has been expended to this end. 
6.2.1 Free Surface Examination 
To ensure that the separated phase of globular particles was a 
consequence of the ethylene-propylene copolymerisation, a 'Free surface 
technique' developed in this research program me was used to examine the 
morphological features of various polypropylene copolymers and homo-
polymers. 
The sample was prepared as follows: The compression moulded 
plaques of 4mm thickness, having been placed in the aluminium foil box, 
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were heated to 230°C for 20 minutes then annealed at 125°C for at least 
one hour. This thermal treatment was conducted under nitrogen gas 
atmosphere in the vacuum oven. The 'free surfaces' of the samples were 
sputter coated with gold and studied by using a Cambridge Stereoscan S2A 
Scanning Electron Microscope. 
The micrographs in Plate 6.1 show propylene homopolymer 
('Propathene' GWM 22) and sequential copolymer ('Propathene' HSE 110) 
viewed in the scanning electron microscope. It can be seen that both 
samples show large and well defined spherulites. The globular particles 
were only apparent on the free surface of the copolymer sample, and no 
globules whatsoever were found in the homopolymer polypropylene. The 
shapes of the globules are similar to those observed by light microscopy 
with the size ranging from 1-6~m. 
The appearance of the globular particles was similar to that found 
on the inside surfaces of the half bottle mouldings and coolant reservoir 
tanks. Similar observations were also made when a variety of sequential 
copolymers were examined. This included sequential copolymers A, Band 
C, Profax 7824 and one injection moulding grade ethylene-modified 
polypropylene cut from a Sierra coolant tank. 
The absence of the phase separation in the homopolymer was 
expected since, apart from very small quantities of adventitious impurities, 
stabilizer and atactic polypropylene, this material is essentially a single 
component system. 
The above observation seems to suggest that these globules are 
somehow connected with the ethylene-propylene copolymerisation. 
6.2.2 Differential Thermal Analysis 
Having seen that the globular particle is associated with the 
ethylene-propylene copolymer, a series of experiments to study the 
composition of the globular particles was undertaken. This is based on a 
comparative method of study of morphology and microstructure of 
sequential copolymer and physical blends of polypropylene with ethylene 
polymers. Two blends were used; they are PP/HOPE (90/10) blend and 
A - Propylene 
homopolymer 
lOOllm A - Polypropylene 
homopolymer (high 
magnification 
B - Sequential 
copolymer 
Plate 6.1 
50llm B - Sequential 
copolymer (high 
magnification 
Scanning elect ron m icrographs of the free surface 
examination of polypropylene homopolymer Bnd 
sequentiBl copolymer 
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PP/EP rubber (88/12) blend. The details of the blend preparation was 
described in Section 3.3 .3.1. 
In the first part of the DSC experiment, the me lting behaviour of 
three specimens (EP rubber/ PP, HDPE/ PP and 'Propathene' HSE 110) were 
examined a t the hea ting rate of 10 ·C/ min. The thermograms are shown in 
Fig. 6.4. 
As the e th ylene propylene rubber is an amorphous polymer, the 
thermogram of the EP rubber/PP blend only showed one endotherm which 
is at tributed to the crys talline polypropylene. Two endo thermic peaks 
were recorded when the HDPE/ PP blend was examined. Obviously, this is 
a ttributed to the crystalline polyethylene and crystalline polypropylene. 
Two endotherm ic transitions were traced in the first heating 
curve when the sequenti al copolymer, 'Propa thene' HSE 110, was examined. 
The firs t transition a t 120·C possibly corresponds to the melting of 
polye thyle ne and the second a t 162·-162.5·C corresponds to the melting 
of polypropylene . This indica tes tha t, a t least , two crystalline species are 
present in this copolymer. 
To elucida te the de tailed microstructure of the e th ylene modified 
polypropylene, five different sequential copolymers, as listed in Section 
3.4 .1 , we re examined. They were subjected to the part icular 
heat/cool/heat cycle a t cooling rates of SO · C/min, 5·C/ min and 
0.5 ·C/ min,* as described in Section 5.3.2. The results of the studies ha ve 
already been seen in Table 5.10. 
A representative thermogram for the different grades of 
sequential copolymers is shown in Fig. 6.4. Two melting e ndo therms in the 
hea ting cycle and only a single crystallisation exo therm in the cooling 
cycle were recorded at every experimental condition. 
Two distinct melting transi t ions again confirm that a t least two 
crystalline species are present in all grades of sequential copolymers and 
they are not compatible. The single crystallisation exotherm at each 
cooling rate employed could be due to the overlapping peaks and/or the 
* In order to prevent polymer degradation occurring in the cooling rate 
regime of 0.5 ·C/min, it was decided to have a cooling rate of 
10· C/m in from 200 · C t o150 · C, then to change to 0.5·C/min from 
lS0· C to 40 · C. 
A 
c 
110 130 150 
Temperature (OC) 
Fig. 6.4 DSC thermograms of sequential copolymer, PP/EP rubber 
PPIHDPE blends (A - PP/EP rubber blend, B - PP/HDPE 
blend, C - heating curve of sequential copolymer, and D -
cooling curve of sequential copolymer) 
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short length of the ethylene segments which are apparently unable to 
influence the propylene supercooling. Barrall et a!. have also found that 
only one crystallisation peak was observed if the ethylene content was 
below 10% in the block copolymers. 72 
6.2.2.1 Co mparison of the heating curves 
- a reas of the endotherms 
The effect of the previous thermal history can be obtained by 
comparing the first melting curve with the re-melting curve. To this end, 
the areas underneath the firs t heating and the first reheat curves for both 
the ethylene and propylene endotherms are compared. The results are 
shown in Figs 6.5 and 6.6. 
It can be seen that the areas underneath the first rehea t curve for 
both the ethylene and propylene endotherms are longer than the area under 
the first heating endotherms. The e th ylene reheat areas are larger by a 
factor of between 2 and 3 and the polypropylene reheat areas are larger by 
a factor of 1.1. This proportional increase in area relates to the increase 
in crystallinity that has also occurred during the cooling cycle of 5 · C/m in. 
This result indicates that the thermal treatment a t slow cooling rates not 
only affects the crystallinity of polypropylene block but also affects the 
crystallinity of the separa t e phase of crystalline polye th ylene . 
It can be seen that the area underneath the ethylene reheat 
endotherm also varies considerably. Profax 7824 and sequential copolymer 
A show larger areas and the sequenti al copolymer Band 'Propathene' 
HSE 110 show much smaller areas. This see ms to correlate with the 
amount of ethylene content within the ethylene modified polypropylene 
reported in Section 6.1.2. Table 6.2 shows the percentage of ethylene by 
weight present within the polymer. The 'Propathene' HSE 110 (ethylene 
content of 7.5%) and sequential copolymer B (ethylene content of 8.6%) 
have low ethylene content and are represented on Fig. 6.6 by having a 
small area. The Profax 7824 has a large ethylene content (9.1%) and a 
large area shown 
content of 8.1% 
in Fig. 6.6. The sequential copolymer A has an ethylene 
but has a 
endotherm. This must be 
similar large area underneath the ethylene 
attributed to a higher level of crystalline 
polyethylene. 
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6.2.2.2 Comparison of the heating curves 
- melting temperatures 
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When the first heating and reheating curves are compared, it is 
seen that the melting temperatures of the reheat cycles after being cooled 
at O.SoC/ min, SOC/min and SOoC/min are lower by between 2°C and 4°C 
than the first heating melting temperature. This has been shown in Table 
5.10. 
Initially, it was suspected that increased heat conduction in the 
reheated sample was the reason for the lower melting point. As illustra ted 
in Fig, 6.7 it was suggested that when a sample is first heated it may be 
only in point contact with the alum inium pan. After the sample has been 
melted and cooled, the contact area between the sample and alumimium 
pan has been increased and heat conduction has increased. 
Fig. 6.7 
~o ,-" oU 
Original sam ple Sample before re- heat 
The possible disposition of samples before and after 
the first heat cvcle 
The above suggestion was soon ruled out when a further series 
heat/cool/heat/ cool/ heat cycle was carried out on 'Profax' 6824 sample. 
This is illustrated in Fig. 6.8. 
The results are shown in Fig. 6.9. It can be seen that despite the 
change of aluminium pan and turning the sample upside down, the melting 
temperature of the second reheat curve remained the same as the first 
reheat curve, and lower than the first heating curve. This indicates that 
the melting temperature difference between the first heating and the first 
reheat curves is not entirely due to the difference in heat transfer. 
Initial sample 
10·C/min 
40·C 200·C 
Cooling 
40·C 
Turn the sample upside down 
and place in the new aluminium 
pan 
10 ·C/min Heating 
200·C 
Held for 
5 min 
5 ·C/min 
Cooling 
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Fig. 6.8 Block diagram of the therm al analysis program me 
A possible explanat ion for the lower melting tempera ture in the 
first reheat curve might be the formation of !3 -form spherulites. This is 
because the /3 -form spherulites have a lower melting temperature than a-
form spherulites and as a result could lower the melting temperature. 
Indeed, microscopical exa minat ion of the samples after being cooled a t 
5 ·C/m in confirmed that a considerable number of & -form spherulites are 
present: a representative micrograph is shown in Plate 6.2. This result is 
in good agreement with that reported by Andrews et a!. 88 They found that 
melting of polypropylene at a heating rate of 10·C/min showed two 
endotherms. The lower endotherm , around 155 · C, corresponds to the 
melting of the (3 spherulites, while the higher one in the region of l67·C is 
the melting curve for the .;( spherulites. 
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The greatest melting temperature difference (3.5 ·C) between the 
first heat and the first reheat curves was the sequential copolymer B after 
being cooled at 5 ·C/min. This could be due to the fact that the 
crystallisation temperature of sequential copolymer B occurring at 
112.5·C (Table 5.10) is close to the optimum temperature for (3 -form 
spherulites formation. A.A. Duswall102 has showed a plot of the 
end other m peak height vs. the crystallisation temperature and found that 
116·C appears to be a near optimum temperature for ~ -formation. 
Production of the (3 form falls off to either side of this temperature, and 
outside the range of 103 to about 124·C little is formed. 
6.2.3 Infra-Red Spectroscopy Analysis Technigue 
The polymer film sample preparation is the same as that 
described in Section 3.2.2. The infra-red spectrum of the film was 
obtained from a Pye-Unicam SP3-200 Infra-red Spectrophotometer. Each 
film thickness was measured to facilitate the comparison of the band 
appearing at 730cm -1. 
Ethylene mOdified polypropylene and polymer blends as specified 
previously as well as the homopolymer polypropylene and ethylene 
propylene rubber used for the polymer blends were all examined by infra-
red spectroscopy. 
Room temperature infra-red spectra 
Since the main concern is the minor constituent of polyethylene, 
the examination of the infra-red spectrum is concentrated on the infra-red 
absorption in the 769-714cm -1 region, for which the infra-red absorption 
bands are given in Fig. 6.10. These bands are due to rocking modes of the 
CH 2 groups and their frequency depends on the length of the CH 2 
sequences. 
It can be seen that the pure EP rubber and PP/EP rubber blend 
(Fig. 6.10) have a single band at 733cm-1, thus it is deduced that this 
contains only isolated ethylene units. Pure HDPE and PP/HDPE blend (Fig. 
6.10) have very different spectra, as the single band splits into a sharp 
doublet at the region of 719cm -1 and 730cm -1. This is because the long 
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runs of ethylene units are present, and are packed in a crystalline lattice. 
In the spectra of all the sequential copolymers (Fig. 6.10) a 'semi-doublet' 
was found. This seems to indicate that medium ethylene runs or a 
combination of single units; double units and long runs of ethylene are 
present in the ethylene modified polypropylene. The above result supports 
the finding from the DSC experiment that crystalline polyethylene is 
present in the sequential copolymer. 
An unexpected small but significant absorbance at 733cm -1 was 
found in the propylene homopolymers (Fig. 6.10); this could possibly be 
derived from the catalyst system employed. 
6.2.4 Investigation of the Glass Transition Temperature 
- Dynamic Mechanical Thermal Analysis 
Dynamic mechanical measurements were carried out under 
nitrogen atmospheres from -160°C to 170°C at 4 deg. C per minute 
heating rate. The frequency was 1Hz and strain applied was 1. 
The dynamic mechanical results are presented in Figs. 6.11 and 
6.12, where the storage torsional modulus (G ') and dynam ic mechanical 
losses (tan S ) are shown as functions of temperature for the various 
samples. 
It can be seen that in the propylene homopolymer, while G I 
decreases with increasing temperature, tan S shows a peak between 6°C 
and S QC, corresponding to the amorphous propylene homopolymer phase. 
Two energy loss peaks were seen in the PP/EP rubber blend, one is at SOC 
and the other at -42°C. The former was associated with propylene 
homopolymer and the latter was believed to be characteristic of random 
ethylene-propylene copolymer. The PP/HDPE blend also shows two energy 
loss peaks, one peak at S °c (propylene) and the other at -115°C, the 
characteristic absorption of amorphous polyethylene. 
When the sequential copolymers were examined, the dynamic-
mechanical tests showed three energy loss peaks. The first one at S °c 
coincides with the propylene homopolymer 'Propathene' GWM 22, the 
second one is at -3SoC to -40°C, corresponding to the random ethylene-
Pure EPDlVI Pure HDPE PP/ EP PP/HDPE Sequential Propylene 
ru bber blend blend (90/10) copolymer homopolymer 
(94/6) 
(\ ~ ;-
If\rv' r'"'. 
\. I , I I I I 
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Fig. 6. 10 Infra-red absorpt ion in the 769-714cm-1 region for various polym ers 
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propylene copolymer and the third is a small peak at -115°C, 
corresponding to the polyethylene. This indicates that at least three 
separate amorphous phases, i.e. polypropylene, ethylene propylene random 
copolymer and polyethylene are present in the ethylene modified 
polypropylene. 
The loss peak attributable to the glass transition of polypropylene 
occurs for all the sequential copolymers close to SoC, indicating that the 
matrix is essentially unaffected by the presence of the random ethylene-
propylene copolymer and polyethylene. The unexpected appearance of a 
segregated amorphous propylene homopolymer phase which is apparently 
not miscible with the ethylene modified polypropylene chains in the 
sequential copolymer must be expected to influence the behaviour of this 
material. This suggests that in low temperature testing, this embrittled 
region may dominate the behaviour of the whole, despite the presence of 
quantities of the very rubbery copolymer. 
The different glass transition temperatures between the EP 
rubber in PP/EP blend and the rubbery phase in the ethylene modified 
polypropylene could be attributed to the difference in the composition of 
the ethylene propylene rubber, as reported by Tuijnman. 76 Nevertheless, 
the evidence of the rubber phase at - 3S oC to -40° C indicates that not all 
the ethylene present in the sequential copolymer packs into a crystalline 
arrangement; instead, some of it form s a rubbery ethylene-propylene 
random copolymer region in the polymer chain during polymerisation. 
Presumably, this could also explain the 'blurred doublet' instead of 
sharp doublet found in the infra-red spectrum. 
6.3 Further Examination of the Globules 
6.3.1 Hot Stage Microscopy 
[n the preceding section, it has been shown that the ethylene 
mOdified polypropylene gives rise to two melting peaks, corresponding to 
the crystalline regions formed by the ethylene and propylene sequences. 
This indicates that polyethylene and polypropylene blocks melt separately 
in the sequential copolymers. In order to visualise and differentiate the 
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melting process separation between these two crystalline species, a hot 
stage microscope was employed for the determination of the birefringence 
mel ting point. 
Thin sections of propylene homopolymer and sequential copolymer 
samples with well defined spherulites were viewed in plane polarised light 
in the Reichert microscope fitted with a Mettler hot stage. 
A t room tempera ture, under crossed polars illumination, both 
propylene homopolymer and copolymers show the bulk of spherulitic 
texture with comparative sizes. However, no globules were apparent in 
either sample. 
Samples were heated at 10·C/min from ambient temperature. 
When the ethylene modified polypropylenes were examined, it was observed 
that the appearance of the spherulites remained unchanged even at 
temperatures up to 80 ·C. When the temperature continued to increase and 
approached 120·C, the spherulites were obscured increasingly and the 
globular particles (black droplets) gradually became apparent in the 
section. This is illustrated in Plates 6.3A and 6.38; the former shows that 
no globules are observed at room temperature and the latter shows the 
small globules (or droplets) scattered through the polypropylene matrix are 
visible at 120·C. 
On further heating, the birefringence intensity of the sequential 
copolymer (Propathene HSE 110) faded rapidly between 150·C-160·C and 
extinguished at 160·C-164·C approximately. Similar observation was 
made in the sequential copolymers A, Band C. 
In the case of the propylene homopolymer, no globules were 
observed throughout the range of the temperature studied. 
The reason for the globular particles being seen at 120·C but not 
at room temperature for the sequential copolymer could be attributed to 
the 'phase' change and, consequently, refractive index change of the 
globules. At room temperature , both globules and polypropylene matrix 
are in the 'solid' state and their difference in refractive index is too small 
to be distinguished by the polarising microscope. When the temperature 
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Room temperature (21 ·C) 
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approaches 120°C, the globules start to melt and change their refractive 
index. This results in a greater refractive index difference between the 
globules and polypropylene matrix, and thus the globules become visible. 
120° C, the melting temperature recorded for the globular 
particles, is in good agreement with the melting point of the separate 
phase at 120 °C in the sequential copolymers reported in the DSC results. 
This result together with the fact that the globules were not obtainable in 
the propylene homopolymer, indicates that the globular particles probably 
contain crystalline polyethylene. 
To confirm that the appearance of the globules at high 
temperature was related to the melting of the crystalline polyethylene, 
two physical blends, namely HDPE/PP and EP rubber/P P were also 
exam ined as a function of temperature in the hot stage microscope. 
In the examination of the HDPE/PP blend section, it was observed 
that 'blurred' globules were already noticeable even at room temperature, 
and these were seen to transform into the distinct black droplets when the 
temperature approached 135°C, the melting temperature of high density 
polyethylene. Although the blurred globules were also noticeable in the EP 
rubber/ PP blend at room temperature, they did not undergo any 
transformation throughout the temperature range studied. 
It is well known that HDPE and EP rubber appears as droplets in 
blends with propylene homopolymer. In these systems, the globules 
obviously consist of crystallisable PE and a morphous E/P rubber 
respectively. This leads us to the tentative conclusion that the globules in 
sequential copolymers contain both crystalline PE and amorphous E/P 
copolymer. 
6.3.2 Examination of the Globules 
- Differential Interference Contrast Microscope 
It has been pointed out in the previous section that there was a 
difficulty in examining the globular particles in the polarising microscope 
a t room temperature. In this regard, a differential interference contrast 
microscope, which is sensitive to very small differences in either specimen 
thickness or refractive index, was employed. 
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The study was first conducted with the 31lm sections cut with a 
glass knife from the slow cooled compression moulded plaques, made of 
propylene homopolymer and sequential copolymers. The de ta ils of 
preparing the slow cooled compression moulded plaques are described in 
Section 3.3.3.2 . 
In Plate 6.4B the sequential copolymer is viewed with differe ntial 
interference con tras t illumination. The inhomogeneities of the globular 
inclusions are clearly visible in the bulk of the spherulites. The dimension 
of the globule generally ranging from O.51lm t o 41lm. In Plate 6.4A, it is 
apparent t hat the globular particle is absent, i.e . no phase separation is 
a va ilable in the case of propylene homopolymer. These results are 
a nalogous to t hose observed in the free surface observa tion. 
When the thin sec tions of the sequential copolymers were 
examined with corn mon light , it was seen that some of the globules were 
s till visible. This observat ion seems to cont rover t our previous finding and 
sugges ts that the globular particles are spo ts of enhanced voiding. 
To eliminate this possible effec t of the microtoming technique, 
the microstructure of the melt pressed propylene homopolymer and 
sequential copolymers were also studied. In the melt pressing technique, 
31l m sections of each sample we re cut from compression moulded plaques 
and placed between a glass slide and a cover sli p. These were melt pressed 
at 200°C on the hot plate for 8 min. then cooled to 125°C on the Mettle r 
hot s tage a t which temperature they were held for 1 hour. 
As shown in Plate 6.5A and B the appearance of the separate 
phase of globules seems to be identical t o that in the microtomed sections, 
showing that any effect of microtoming technique does not Change the 
pattern of globular particles fundamentally. It must be admitted that some 
of the voids in Plate 6.4A might have been produced later dur ing the 
microtoming technique. However, the appearance of the globules in the 
sequential copolymer was not entirely due to the microtoming effect. 
The different 'contrast' of phase separation in the sequential 
copolymers between the microtomed (Plate 6.4) and melt pressed (Plate 
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6.5) sections could be due to the effect of mounting liquid (epoxy resin) 
used for the microtomed section . 
The above result seems to suggest that the globules are somehow 
connected with the modifying process. To this end, melt pressed sections 
of HOPE/PP and EP rubber/PP were also studied. 
Plate 6.6A and B are the HOPE/PP and EP rubber/ PP viewed in 
the differential interference contrast microscope. It can be seen that the 
globular particles were observed in both HOPE/PP and EP rubber/ PP 
blends. 
On closer examination, it can be seen that the globules are bigger 
and more prominent in the HOPE/ PP blend than in that of EP rubber/ PP 
a nd sequential copolymers. This could be a ttributed to the poor dispersion 
of HOPE in PP matrix or the coalescence of the globules during the sample 
preparation. W. Wenig et aI. have reported PE domains in HDPE/ PP blend 
growing by coalescence of two or more droplets.1 03 Whether the thermal 
treatment also affects the globules in the sequential copolymer will be 
discussed later. 
The separate phase of globules could result from the formation of 
ethylene rich regions in the polymer chain during polymerisation. These 
ethylene rich regions, once formed, coalesce dur ing the first melt ing s tage 
after polymerisation because of their incompatibility with homopolymer 
melt and are fixed by subsequent cooling and the crystallisation process to 
produce the inclusions visible in the microscope. 
6.3.3 Examination of the Globules 
- Solvent Etching 
The state of dispersion of the globular particles in the sequential 
copolymers was also investigated using scanning electron microscopy to 
examine solvent-etched, free-surface samples. The solvent used was 
xylene, since it has a very similar solubility parameter to that of ethylene 
propylene rubber . 
The validity of the solvent etching technique was first examined 
by studying the effect of the xylene on the structure of ethylene propylene 
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rubber "Intolan' 170A) and crystalline polyethylene ('Unifos' 0905). This 
was carried out by examining the solvent-etched surface of the high 
density polyetr.ylene and ethylene propylene rubber after immersing them 
in xylene at room temperature for 24 hours. 
It was observed tha t e th ylene propylene rubber dissolved 
completely and high de nsity polyethylene was unaffected after 24 hours 
solvent e tching. In the case of the high density polye th ylene , due to the 
high crystallinity, there is no solvent ac tion a t room tempera ture . 
Having seen the validity of the method, the investigation was then 
carried out on the sequential copolymer. In this study, sa mples obt ained 
from blow moulded ta nks were used, in which the well defined spherulites 
and globules were already displayed on the inside surface. As gold coating 
on the surface of the sample is requ ired when using the scanning elec tron 
microscope, we were unable to exam ine the surface texture of the same 
moulding before a~d after solvent e tching. To overcome this, two samples 
cut from the sa me piece of moulding were compared; one of the samples 
had been subjected to a solvent etching a t 23 ° C for 24 hours, wh ils t the 
other had not had any solvent treatment. 
Plates 6.7 A and Bare SEM micrographs of e tched and unetched 
samples. It can be seen that simila r surface texture and comparable 
spheruli te size occurred in bo th samples. It was also observed that the 
globules are apparent not only in the unetched sample but a lso in the 
sample af ter xylene etching for 24 hou rs. However , the number and the 
a verage size of the globules seems to dec rease in the solvent e tching 
treatment. The presence of the globules in both samples seems to confirm 
the existence of polyethylene cryst allinity in the globules. However, the 
reduction in number and size of the globules in the etched sample seems to 
suggest that some form of the rubbery phase in the globules has been 
d issolved by xylene. 
To confirm that the globule consists of crystalline polye thyle ne, a 
hot xylene e tching technique was employed. This was conducted by 
immersing a sample in xylene at 130°C for 10 seconds, therafter examining 
it by scanning electron microscopy. It can be seen in Plate 6.7C, the 
globules are no longer visible in the surface of the moulding. Presum a bly, 
Plate 6.7 
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the dissolution of the globules in xylene at 130°C but not at room 
temperature was due to crystalline polyethylene . 
6.3.4 Thermal Effect on the Globular Texture 
Having determined the composition of the globular particle, it is 
of interest to understand how the two separate phases segregate and how 
the globular particle depends on the thermal history. This is important 
especially as the evidence indicated that the slow cooling process had been 
encountered in the interior of the blow mouldings. 
6.3.4.1 Examination of the melt pressed section 
In order to eliminate the possible effect of microtoming, the 
thermal effect on the globular texture was first studied by using a melt 
pressing technique, as described in Section 6.3.2. These melt pressed 
sections having been subjected to various thermal treatments (as shown in 
Table 6.10), were examined by differential interference contrast 
microscopy (DIC). 
Table 6.10 
Samples 
1 
2 
3 
4 
Table 6.11 
Various thermal treatment of melt pressed samples 
Melting conditions Cooling conditions 
Temp. (OC) Time (min) Temp. (OC) Time (m in) 
230 2 125 60 
230 10 125 60 
230 10 90 60 
230 10 25 60 
Average size and number of globular particles 
in melt pressed sample after various heat treatments 
Samples 
1 
2 
3 
4 
A verage size of 
the globule (,I'm) 
3 
4 
2 
1.5 
Number of 
the globule 
211 
165 
184 
182 
255 
Effect of the cooling condition 
Plates 6.9 to 6.11 show DIC micrographs of samples which have 
been isothermally crystallised at various temperatures for 60 minutes after 
melting each sample a t 230·C for 10 minutes (Samples 2, 3 and 4 in Table 
6.10). It can be seen that the mean diameter of the globule seems to 
increase as the crystallisation te mperature increases. As a result (Table 
6.11), the average size of the globule is found to be the largest in the 
sample isothermally crystallised at 125·C and to be the smallest in the 
sample isothermally crystallised at 25 ·C. 
The above micrographs were also analysed to obtain the average 
number of globular particles. This was found by preparing a transparent 
rectangular grid of 3.7cm x 3.7cm which corresponds to 50pm x 50llm in 
reality. The grid was placed on the micrograph and the number of the 
globular particles was determined by manual counting. Because of local 
variations in globule concentration, it was necessary to a nalyse several 
reg ions of a micrograph to obtain representative results. 
In Table 6.11, sample 2 not only has the largest mean diameter of 
glObular particle but also has the lowest number among the three samples 
examined. The growth of the globule together with the Slight decrease of 
the num ber of the globular particle seem to sugges t tha t some coalescence 
of neighbouring globules has taken place in sa mple 2. 
It was also observed that the lower the cooling temperature, the 
sharper the spherulitic boundaries. However, it is not ye t possible to 
explain this behaviour. 
Effect of melt history on the globular texture 
The effect of melt history on the size and number of the globules 
was also examined. To investigate this, we examined two sa mples which 
had been isothermally crystallised at 125·C for 60 minutes after melting 
at 230·C for 2 minutes (sample 1) and 10 minutes (sample 2), respectively 
(see Table 6.10). Plates 6.8 and 6.9 show the DIC micrographs of these 
256 
samples. From the micrograph analysis and Table 6.11 it can be seen that 
the sample with the longer melting time resulted in a large r mean diameter 
and smaller number of globules. Presumably, this is due to the 
incompatibility between the ethylene and propylene segments. The 
ethylene r ich domains tend to stay toge ther and form a separa te phase. 
They will aggregate and form bigger droplets with increasing time in the 
melt. 
The above results suggest that size and number of the globules in 
the sequentia l copolymers depend not only on the cooling condition but also 
on the melting condition of the polymer. This is important especially in 
the unbalanced cooling condition evident in the th ick blow mouldings. 
6.3.4. 2 Study of globular texture in the melt 
Having seen the effect of thermal history on the globular texture, 
one may question when and where do the globules fo rm ? To this end , an 
inves tigation of the globular textu re in the melt was also undertaken. The 
melt pressed sec tion was removed to the DlC microscope and exam ined 
im mediately after it had been melted at 230° C on the hot plate. 
Micrographs were taken periodically before the molten polymer started to 
crys tallise . 
Pla te 6.1 2A shows the globules in the molten sta te a nd Fig. 6.1 2B 
shows the molten polymer s tarti ng to crys tall ise. From examinat ion of the 
micrographs, it is obvious that the globules already exis ted in the melt 
before the crystallisation process star t ed. This indica tes that the globule 
is not affected by the crystallisation of the polypropylene matrix. This 
finding seems to controvert the proposal by some pOlymer scien tists95 in 
which they postulated a theory that the separate phase of the globule was 
pushed toge the r by the crystallisa tion of the polypropylene matrix. 
The average size of the globule in the melt is smalle r than that in 
the samples I and 2, indicating that some form of growth has taken place 
during the thermal treatment. 
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Plate 6.10 DIe micrographs of melt pressed sample 3 (Table 6.10) 
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Plate 6.11 Die micrographs of melt pressed sample 4 (Table 6.10) 
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6.3.4.3 Study of globular texture in the compression 
and blow mouldings 
262 
In this par t of the study, two plaques were compression moulded, 
e ither isothermally crystallised at 125°C for 1 hour or quench cooled from 
the melt originally at 230°C (as described in Section 3.3 .3.2). 
Very few small globules are evident in the quench cooled 
compression mOUlding and the globular texture becomes much more 
prominent for the sample which has been slow cooled. Plate 6.13A and 8 
shows the globular texture of the quench cooled and slow cooled 
compression mouldings, respectively. The average size of the globule is 
O.5-1l.lm in the form er and 4-7l.lm in the latter. 
Globular texture in the commercial coolant tanks 
For the commercial coolant ta nk, three sections obtained from 
outside (Plate 6.14A) and inside (Plate 6.14C) surfaces as well as from the 
region immediately underlying the outside surface (Plate 6.148) of a Fiesta 
coolant tank were studied. The location of the sections in the coolant tank 
is sketched in Fig. 6.13. 
Micrographs of the commercial tank show that no globule was 
visible on the outside surface and very few globules appeared in the region 
near the outside surface. However, on moving towards the inside surface 
the separate phase of the globules, similar to those seen in the slow cooled 
compression moulding, become much more evident. Presumably, this is due 
to the inner surface of a tank of thick section being comparatively slow 
cooled. 
The question may be posed why the globular texture was visible in the 
melt but not in the outside surface of the commercial tank. This could be 
explained as follows: A clear image of the globule in the melt is obtained 
due to the amorphous background of the polypropylene in the molten state 
(Plate 6.12). However, the image of the globule can be affected by the 
orientation and crystalline texture of the polymer matrix. Any orientation 
or crystalline structure in the polymer matrix, such as the case in the 
outside surface of the blow moulding, can affect the appearance of the 
globular texture. 
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Examination of the blow moulded coolant tanks reveals that the 
inner surface of tanks of thick section are comparatively slow cooled and 
this results in a proliferation of globules and the growth of polypropylene 
spherulites of very large size, typically 150-300llm. There is also evidence 
that the globules tend to reside in the region between the spherulites, and 
they consist of polyethylene crystallinity which melts at temperatures 
close to the proof pressure test temperatures. It is already known that 
material of large size texture is prone to interspherulitic cracking, a 
situation which is aggravated in the present case by the presence of an 
aggressive environment, and by the internal pressure. The globules are 
thus situated in a very vulnerable region of the materia!. However, 
whether the effectiveness of these globular particles acts as 'crack stopper' 
or as vulnerable polymers for attack by the antifreeze solution still 
remains in doubt. 
6.4 Blends of Polypropylene with Linear 
Low Density Polyethylene 
Many of the candidate materials for the coolant tanks are 
sequential copolymers, ethylene on propylene, but blends of polypropylene 
with E/ P rubber are not excluded. It was considered worth while, 
therefore, to blend polypropylene with linear low density polyethylene 
(LLDPE). In favour of compatibility, they are both linear chain 
hydrocarbon polymers, with no long chain branching; Whilst their very 
different modes of crystallisation will promote segregation. In mechanical 
properties, the very high strain accommodation of LLD PE, if carried 
through into the blends, might reinforce some of the weak properties of 
polypropylene. 
The polymers used for the blends were: 
'Profax' 6824 
'Profax' 7824 
'Dowlex' 2045 
Propylene homopolymer 
propylene/ethylene sequential copolymer 
LLDPE 
5% and 10% blends of LLDPE with the homopolymer, and 5% of LLDPE 
with the copolymer were prepared by tumble blending the granules, and 
passing the mix twice through an extruder. The blends were homogenised 
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by injection moulding specimens for mechanical tests, using a Negri-Bossi 
NB55; samples for characterisation received this same treatm ent. 
6.4.1 Characterisation of Blends 
Infra-red spectra 
The infra-red spectra of both 5 and 10% LLDPE blends show that 
the polyethylene is crystalline as witnessed by the doublet at 720-730cm-1 
and by the magnitude of the difference between E/P absorbance ratio at 
250°C and 145°C. Data are presented in Table 6.12. 
Table 6.12 E/P absorbance ratio for the PP/ LLDPE blends 
MAterial 
6824 + 5% LLDPE 
6824 + 10% LLD PE 
E/P absorbance ratio 
a t25° C at 145°C 
0. 133 
0.337 
0 . 065 
0.144 
Differential Scanning CaIorimetry (DSC) 
Ra tio (25 QC) 
Ratio (145 ·C) 
2.05 
2 . 34 
The presence of crystalline polyethylene has been confirmed by 
Differen tial Scanning Calorim etry; the ma ter ials concerned were subjected 
to the following sequence: 
heating at 10 deg. C per minute to 200°C;' 
maintain at 200°C for 5 minutes; 
cool at 5 deg. C per minute to 50°C; and 
reheat at 10 deg. C per minute to 200°C 
Comparative data for 'Profax' 6824 and blends with 5 and 10% 
LLDPE are given in Fig. 6.14, where the melting endotherm for LLDPE can 
be clearly resolved, with peaks at 122.5°C and 121.5°C for the 10% and 
5% blends, respectively. The crystallisation exotherm for polypropylene 
peaks at 113°C for the homopolymers, whilst the presence of the LLDPE 
promotes crystallisation of the [lolypropylene, the peak temperature for 
both blends being 117°C. Significantly the crystallisation exotherm for 
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LLOPE is visible in both blends , peaking at l10o C. The fusion 
temperatures for pp do not appear to be a ffected by the LLOPE, as shown 
in Ta ble 6.13. 
Table 6.13 Fusion te m pera tures of polypropylene polymer 
and its blends with LLOP E 
Mate rial 
Firs t hea ting (OC) 
Second hea ti ng (O C) 
Profax 6824 
162 . 5 
159 . 5 
6824 + 
5% LLO 
162 .5 
160.0 
6824 + 
10% LLO 
162.5 
160 .0 
Under the same tes t condi tions fusion peaks for LLOPE occur a t 
122 °C a nd 107 °c (Fig. 6.1 5). The fa ct that the melting t e mperatures of 
both pp and LLDPE are not decreased by blending im plies ra ther comple te 
segrega tion of the polymers. 
All the characterisa tion evidence suggests a very la rge degree of 
segrega t ion of the LLOPE and PP, but one result is unusual - the increase 
in the crys tallisa tion tempera ture of the polypropylene , which increases 
from 11 3° C for PP to 117- 117. 5°C fo r the LLOPE blends. This suggests 
mild nucleat ion, a thes is which is supported by the 'tra nsparency' of t he 
10% LLOPE blend which compares favo urably in this respect with the 
homopolymer. In de ta il, the blend shows less low angle sca ttering (be tter 
clarity) but a greater a mount of high angle sca ttering (more haze). These 
results are commensurate with the blend having the finer texture , as is 
found in practice, and illustra ted in Pla te 6.1 5. 
6.4. 2 Mechanical Properti es 
Brittle s trength a t - 196° C 
On the basis of the findings in the characterisation work, it 
see med likely tha t the segregated co mponents would lead to de ter iora ted 
me chanical properties. To investigate this , brittle strength dat a were 
obtained at -196°C (liquid nitrogen): Charpy impact specimens, un-
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notched, cross-sectional dimensions 6.24mm x 3.12mm, were tested on a 
Hounsfield Impact Test er. The following results were obtained, Table 6.14. 
Table 6.14 Impact results at -1 96 °C for pp and 
blends with LLDPE 
Material 
Profax 6824 
Profax 6824 + 5% LLDPE 
Profax 6824 + 10% LLDPE 
Profax 7824 (copolymer) 
Profax 7824 + 5% LLPE 
Impact s trength at -196° C 
(Nm) 
0.40 
0.40 
0.42 
0.40 
0.42 
Thus, although there is proof from DSC and infra -red analysis that 
the LLDPE exis ts as a separate crystalline phase, the indication from the 
liquid nitrogen results is tha t it does not detrac t from the basic strength of 
the polypropylene; if anything, there may be a slight improvement . 
Yield stress a t 23°C 
Tests were carried out on injection moulded tensi le bars (BS 2782 
Method 301J, 1970) a t a cross-head speed of 30mm/ minute and a 
tempera ture of 23-24 0 C; results are given in Table 6.1 5. 
Table 6.15 Yield stress a t 23 ° C for pp and blends with LLDPE 
Material Yield stress (MPa) 
Profax 6824 30 . 5 
Profax 6824 + 5% LLDPE 
Profax 6824 + 10% LLDPE 
Profax 7824 (copolymer) 
Profax 7824 + 5% LLPE 
29.7 
28 . 8 
22.9 
22.6 
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These data present an unusual picture in that inclusion of the 
polyethylene in either pp or copolymer is achieved with only a marginal 
effect on the yield stress. By contrast, the decrease in yield stress on 
passing from homopolymer to copolymer is very significant, but aga in, the 
add ition of LLDPE results in little or no further decrease. This could be of 
importance for load-bearing applica tions. 
Impact behaviour a t +23 · C and - 20 · C 
The impact behaviour of the va rious materials has been 
inves tiga ted at 23°C and - 20· C, since the brittle s trength (at -196 · C) and 
the yield stress (a t +23 · C) might lead one to sugges t that there would be 
little advantage in the blends. However, this conclusion assum es that the 
change of yield stress with temperature is similar for a ll the mater ials . 
Th is is not necessarily so, indeed im pact tests indicate tha t the blends are 
tougher than the base polymers, a lthough the results are not as good as 
those for the sequential copolymers which , however, suffe r a se rious 
de teriora tion in yield stress. 
As expec ted, un-notched specimens of all t he materials under 
exam ina tion were unbroken a t 23 · C with the highes t energy a vailable on 
the pendulu m instru ment. 
At - 20 ° C un-not ched specimens of 'Profax' 7824 (copolymer), and 
its blend wi th 5% LLD PE, withstood fracture a t the highest energy 
available . On the other hand, homopolymer failed in a bri ttle manner 
(median impact s trength O.62Nm). Us ing the same pendulum, one specim e n 
out of 5 of the 5% LLDPE blend survived, the median strength for the 
remaining specimens being 0.84Nm. None of the 10% blend speci mens 
failed under these conditions, but a ll failed (impact strength O.84Nm) when 
the highest energy available was applied. These results can be explained by 
the heavier striker be ing less retarded by the specimen than a s maller 
pendulum, giving a grea ter chance of brittle failure. 
At 23 · C , incorporation of a sharp notch causes brittle failure in 
the homopolymer (median impact strength O.INm), with hinge-breaks being 
the pattern for the 5% blend (O.21Nm), whilst the 10% blend specimens 
failed without hingeing (0.23Nm). These test conditions did not cause 
failure in either the copolymer or its 5% blend. 
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At -20·C, blunt notched specimens of the homopolymer and its 
blends failed at low energy, although the blends showed marginal advantage 
(O.064Nm compared with O.051Nm). The copolymer and the 5% LLDPE 
blend behaved better (impact strength for both 0.25Nm). Sharp notched 
specimens at -20·C of all the materials failed in a brittle manner, with the 
copolymer failing as poorly as the homopolymer, and with the blends 
perform ing equally as badly as the unblended polymers. 
6.4.3 Environmental Stress Cracking Resistance 
The environmental stress cracking resistance of Profax 6824 and 
7824 is good on account of very high molecular weight, and particularly 
when the environment is only mildly aggressive towards polypropylene. To 
produce cracking under laboratory conditions for these polymers and their 
blends, it was 
brittle state. 
necessary, therefore, to condition the samples to a more 
As described in Section 4.3 .3.2, this was achieved by 
annealing compression moulded samples for one hour at 120·C on cooling 
from the melt at 200·C . After this treatment, bent strips exposed to 
50/50 ethylene glycol/water at 115°C initiate cracking for materials which 
in proof tests on reservoir tanks fail in this manner. Annealed, 
compression mouldings of Profax 6824 and the 10% blend with LLDPE have 
been investigated in this way. The first indica tion of environmental s tress 
cracking failure is the appearance of small cracks just below the surface; 
these contain antifreeze, making them clearly visible . In respect of these 
cracks, the 10% LLDPE blend was superior to the homopolymer in having 
fewer cracks of lesser severity. 
Blends of LLDPE with polypropylene show improved properties in 
crucial areas; a 10% LLD with pp blend will be used as a trial material for 
making coolant tanks by R.B. Blowmoulders. 
6.5 Conclusions 
1. A method for the determination of the ethylene content in ethylene-
propylene systems has been developed. The method overcomes the problem 
associated with the sensitivity of the ethylene absorption band to 
crystallinity level by scanning the infra-red spectrum at 145-150°C, at 
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which temperature any ethylene polymer is amorphous. The absorbance at 
720-730cm -1 (ethylene) is compared with that at 1165cm -1 (propylene). 
Self consistent data have been obtained for blends of propylene homo- and 
co-polymers with a wide range of ethylene polymers, including 
ethylene/ propylene rubber. The method is also applicable to sequential 
copolym ers, ethylene on propylene. 
2. A more detailed study has been carried out to underpin the accuracy 
and reliability of this analysiS. In this program me, instrument variables 
have been examined to show that the analysis is not dependent on the 
instrument characteristics. The reproducibility has been assessed in a 
series of replicate measurements and by the closely defined linear 
calibration comprising data from blends involving a wide range of ethylene 
polymers with homopolymers and copolymers of propylene. 
3. The effect of temperature on ethylene/ propylene absorbance ratio 
has been investigated, large changes being associated with blends having 
crystalline polyethylene at ambient temperatures, whilst there is little or 
no change with temperature in the absorbance ratio for polypropylene 
blends with ethylene/propylene rubber. 
4. One of the structural features of ethylene modified polypropylene 
systems is the appearance of a globular texture of size approximately 
1-5pm, which is not present in the homopolymer; that these globules are 
somehow connected with the modifying process seems inescapable. 
Considerable effort has been expended in attempting to elucidate the 
constitu tion of the globular particles. The conclusion reached is that the 
globules consist of a blend of the polymeric constituents other than 
polypropylene for which both the crystalline and amorphous forms are 
accommodated within the spherulites. The globules thus have variable 
composition, sometimes containing appreciable crystalline PE (as for 
Propathene HSE 110) and sometimes consisting almost entirely of E/P 
rubber (as for homo PP/ EP rubber blends). 
5. The conditions for appearance and growth of the globules have been 
established. It was found that the globular texture becomes much more 
prominent for samples which have been slow-cooled. Consideration of the 
thermal history of blow moulded coolant tanks indicates that the inner 
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surfaces of tanks of thick section are comparatively slow cooled and this 
results in a proliferation of the growth of the globules and spherulites of 
very large sizes, typically 3-5pm and 100-200llm, respectively. There is 
also evidence that the globules tend to reside in the region between the 
spherulites, and the polyethylene crystallinity melts at temperatures close 
to the test temperatures. It is already known that material of large 
texture is prone to interspheruJitic cracking, a situation which is 
aggravated in the present case by the presence of an aggressive 
environment, and by the internal pressure. The globules are thus situated 
in a very vulnerable region of the material. However, we have not been 
able to link this texture directly with failure by environmental stress 
cracking. 
6. Finally, possible new candidate materials for the coolant tank 
application, polypropylene-linear low density polyethylene (ethylene-octene 
copolymer) blends have been investigated. Blends of 5 and 10% LLDPE 
with propylene polymers were extruder mixed. Characterisation of the 
blends has revealed separate phases of LLDPE and propylene polymer, each 
component showing individual fusion endotherms on heating and distinct 
crystallisation exotherms on cooling. Despite the apparent segregation, 
the add ition of LLDPE confers advantageous properties on the 
polypropylene, improving impact performance at ambient and low 
temperatures, and environmental s tress cracking resis tance, with little or 
no decrease in yield stress. These blends of LLDPE with propylene 
polymers warrant trials as coolant reservoir tanks, for which the balance 
between pressure resistance and cracking resistance is very difficult to 
reproduce satisfactorily. 
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Chapter 7 
GENERAL CONCLUSIONS 
This resear ch programme has provided a sound sc ient i fi c basis to 
underpin the t echnological manufacture of a wide range of coolant 
overflow t anks by bl ow moulding of propyl ene pol ymers. T he variet y of 
t anks encountered included those for cars and for heavy road transport , and 
the study included t he design of the tanks as pressure vessels, anal ysis of 
the bl ow moulding process (with respect to technical quality and pr ocess 
cos ts) , and considerat ion of properties of importance in the application. 
The charac teristics of the pol ypropylene and their rel evance t o t ank 
perform ance were included in the program me. Conclusi ons are det ailed 
below . 
7.1 DESIGN OF THE COOLANT TANK S 
(1) Minimu m thickness deter mination and stress anal ysis 
The mini mum t hickness requi rement of t he tanks has been 
cal culated on the basis of the thin-shell theory, supported by t ensile failure 
and rel axa tion data. The values of the minimum thickness have proved 
satisf ac tor y. However , it soon became apparent that all t he coolant t anks 
suffered severe environm ental st r ess crack ing f rom the inner sur face when 
test ed with antifreeze environm ent. A lso, in the worst case, the cr acks 
even occurred in the concave face of the outside sur face of the Fiesta 
tank. To this end, stress anal ysis by a fi nite el ement me thod was employed 
to provide background t o the f ailures encountered in practice. The results 
identified that a concave f ace in the outside surface and stress 
concentration regions on the inner surface to be major stress raising 
features in the design. These regions of highest principal stresses ar e those 
regions where the stress cracking and environmental stress crack ing 
occurred. 
(2) Envir onmental stress cracking 
Examination of the cracks in the inner surface of the mouldings 
confirmed that the general character of the cracked regions was that 
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normally associated with environmental stress cracking. Further 
investigations were carried ou t on the mouldings obtained from the 
industrial proof pressure test and the laboratory simulated pressure test 
and found that 
(A) Environmental stress cracking of the coolant tank is associated with 
the antifreeze environment, since the tank test under identical conditions 
but with pure water instead of antifreeze solution produced no cracks. 
(B) Slow cooling of the inner surface of the mouldings deteriorates the 
environmental stress cracking behaviour. 
(C) Molecular weight also plays an important role in the environmental 
stress cracking resistance. It seems that as expected the higher the 
molecular weight the better the environmental stress cracking. 
(3) Design of the coolant tanks 
Techniques for the design of the coolant tanks have been 
investigated. A thin-shell classical model appears to be adequate for a 
simple tank shape; more complex shapes (the usual case) can only be 
analysed by finite elements methods. Some progress has been made in this 
last field but quantitative agreement between model and experimental 
finding remains to be achieved. 
(4) Comment on the 'kiss-off' 
A simple equation was proposed in determining the minimum size 
of a 'kiss-off'. For the 'weld' to remain intact the D (diameter of the weld) 
should be greater than 4 x t (thickness of the side wall) for the yi'elding of 
the side walls to occur rather than yielding of the weld region. 
Consideration was also given that the 'kiss-off' would better accommodate 
the strain if the pillars were parallel sided, rather than being strongly 
tapered. 
(5) Abnormal drawing behaviour 
Unusual tensile drawing behaviour has been promoted in 
polypropylene and sequential copolymers of ethylene on propylene, in the 
temperature region 110°-120°C by double edge notches in the specimen. 
For such a DEN specimen there is complex stress vs. strain behaviour in 
the viscinity of the notches, but when the necks subsequently traverse the 
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waisted part of the tensile specimen, they do so at a significantly higher 
force than for the unnotched specimen. The higher yield stress of the DEN 
specimen is due to the strain concentrating effect of the notches 
increasing the effective straining rate. Further, the drawn material, 
although geometrically not at any higher draw ratio, manifests higher 
orientation by birefringence measurement and by distortion of the shape of 
the spherulites: evidently drawing at a higher force leads to enhanced 
orientation. 
(6) Coolant tanks manufactured by injection moulding/welding 
The two competitive routes for the manufacture of these coolant 
tanks are blow moulding and injection moulding/welding; three samples by 
the latter route have been characterised comprehensively, two of glass 
fibre reinforced polypropylene and one of sequential copolymer. All had 
failed proof tests by cracking and leaking, the failures mainly being brittle 
in nature. Many of the cracks were associated with the main weld, joining 
the two halves together, even when the process had been carried out 
satisfactorily, which was not always the case. The glass fibre reinforced 
tanks were particularly badly cracked, this being the result of residual 
orientation, accentuated by the glass fibres, especially in the weld, and 
probably the use of a low molecular weight polymer, to counter!lct the 
viscosity increasing effect of the glass, thus ensuring mouldability. The 
other inevitable disadvantage of this process, compared with blow 
moulding, is the much higher residual stress left in the injection moulding. 
It came as no surprise, therefore, that the injection moulded/welded tanks 
bahaved in inferior fashion compared with blow moulded tanks in respect of 
environmental stress cracking. 
7.2 PROCESS CONSIDERATIONS 
(1) The importance of blowing pressure 
Very poor thickness tolerance (3-11mm) was found in many 
coolant reservoir tanks; this being wasteful of material, and leading to 
lengthened cooling time. Examination of the external surface texture of 
corn mercial tanks also revealed that the mOUldings shrank away from the 
mould surface, giving poor surface finish and slow cooling. The cause of it 
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is undoubtedly the inability of the blowing pressure to withstand the 
shrinkage stress. This phase of research was further supported by a 
comprehensive investigation of the surface texture, microstructure, hoop 
stress calculation and cooling temperature profiles of a variety of Bradford 
half bottle mOUldings made at various blowing pressures. All the evidence 
points to the importance of retaining contact between the moulding and 
mould surface by an adequate blowing pressure for optimum heat transfer, 
and for surface finiSh. Following demonstration of this importance, the 
manufacturers increased the blowing and hold-on pressure to 6 bar, which 
has proved sufficient to eradicate the problem; the reproducibility of the 
product was improved simultaneously. 
(2) Cooling of the Mouldings 
Compared with many blow moulded bottles, the coolant tanks are 
very thick and this imposes a long cooling time, with consequent long cycle 
times. Contrary to normal blow mOUlding practice with thin bottles, the re 
is advantage in extracting heat from the inside of the container. To this 
end, a study was carried out on the efficacy of internal cooling techniques, 
including forced air cooling and liquid carbon dioxide on the half bottle 
mouldings. It was found that a blow mOUlding process with an improved 
internal cooling system can benefit from approximately 40-50% and 
60-70% of cooling cycle times for forced a ir cooling system and liquid CO 2 
cooling system, respectively. 
(3) Bradford mathematical model 
Data for enthalpy and thermal conductivity for the fast cooling 
mode have been obtained by suitable adjustment of the available DSC 
results for a cooling rate of 20 deg. C/minute and conductivity 
measurem ents in the heating mode. These have been written into a 
theoretical model developed by Bradford University to predict temperature 
profiles in thick-walled mouldings. The resulting temperature prediction 
agrees well with the experimental readings, thus giving support to our 
thermal conductivity data and to the Bradford theoretical analysis. 
The model has been run with various parison temperatures and 
moulding thicknesses. The results show a significant effect of moulding 
thickness and parison temperature on the cooling cycle time. 
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(4) Shaping of supercooled melt 
The possibility of turning a large degree of supercooling in 
polypropylene to advantage by shaping the material ill the temperature 
region below its melting point has been demonstrated. To provide practical 
data, a double extrusion rheometer was developed, in which melt at 240°C 
in one extruder, could be transferred rapidly to the second extruder (an 
extrusion rheometer) at a temperature in the supercooled region, allowed 
to come to thermal equilibrium, and extruded. Rheological measurements 
have been made by this route for a number of polymers at temperatures 
down to 150°C. Extrudates were obtained from the rheometer at 
temperatures down to 136°C. 
In the meantime supporting data for the crystallisation of a range 
of polypropylenes at cooling rates of 50 deg. C/ minute (Tc = 97°C); 
5 deg. C/ minute (Tc = 110°C); and 0.5 deg. C/minute (Tc = 122°C) have 
been obtained by differential thermal analysis, confirming the long 
supercooling region for polypropylene. 
7.3 MATERIALS CONSIDERATIONS 
This has comprised three major programmes. 
(1) Determination of ethylene content in propylene-ethylene systems. 
(2) Study of the 'globular particles' found in such systems. 
(3) A possible new candidate material for the coolant tank application -
polypropylene - linear low density polyethylene blends. 
(1) Determination of ethylene content 
Infra-red analysis for ethylene in polypropylene-ethylene systems, 
comprising blends, random copolymers, sequential copolymers etc., is 
complicated by the effect of crystallinity on the favoured ethylene 
absorbance at 720-740cm -1. A new method of the determination of the 
ethylene content in ethylene-propylene systems has been developed in this 
programme. This method overcomes this difficulty by scanning the spectra 
at 145°C, which is above the melting temperature for all crystalline 
ethylene polymers. The temperature is below the melting point of most 
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forms of crystalline polypropylene, so that form stability of the spec imen 
is retained. From the resulting spectra , comparison of the e thylene band 
absorption at 720-740cm -1 with the propylene band at 1165cm-1 
monitored the ethylene/ propylene ratio. 
A more detailed study has been carried out to underpin the 
accuracy and reliab ility of this analysis. In this program me, instru ment 
vari ables have been exa mined to show that the analysis is not dependent on 
the instrum ent characteris t ics. The reproducibility has been assessed in a 
se ries of replica te measurements and by the closely defined linear 
ca libra tion comprising da ta from blends involving a wide range of e thylene 
polymers with homopolymers and copolymers of propylene . The effec t of 
t em pera ture on ethyle ne/propylene absorbance ra tio has been investigated, 
large changes be ing assoc iated with ble nds having cryst alline polye thylene 
a t a mbient te mpera tures, whils t there is little or no cha nge with 
t empera tures in the absorbance ra tio fo r polypropylene blends with 
e thylene/propylene rubber. 
(2) Study of globular texture 
One of the st ructural fea tures of e thylene modified polypropylene 
syst ems is the appearance of a globular texture of size approxima tely 
1-5Ilm , which is not present in the homopolymer. Considerable research 
effort has been expended in attempting to t hrow ligh t on the constit ution 
of the globular par ticles. The conClusion reached is tha t the globules 
consist of a blend of the polymer ic constitue nts other than polypropyle ne 
for which both the crystalline and a morphous form s are acco m modat ed 
within the spherulites. The globules thus ha ve vari able composition, 
som e tim es containing appreciable crystalline polye thylene (as for Propa-
thene HSE 110) a nd some tim es consisting alm ost entirely of e thylene -
propylene rubber (as fo r homo polypropylene/ethylene-propylene rubber 
blends. 
The conditions fo r appearance and growth of the globules having 
been established, it was found tha t the globular t exture becomes much 
more prominent for samples which have been slow-cooled. Considera tion 
of the thermal history of blow moulded coolant tanks reveals that the inne r 
surfaces of tanks of thick section are comparatively slow cooled and this 
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results in a proliferation of the growth of the globules and spherulites of 
very large sizes, typically 3-51lm and 100-200Ilm, respectively. There is 
also evidence that the globules tend to reside in the region between the 
spherulites, and they consist of crystalline polyethylene which melts at 
temperatures close to the proof pressure test temperatures. It is already 
known that material of large size texture is prone to interspherulitic 
cracking, a situation which is aggravated in the present case by the 
presence of an aggressive environment, and by the internal pressure. The 
globules are thus situated in a very vulnerable region of the material. 
However , whether these globular particles act as 'crack stoppers' or as 
vulnerable polymers for attack by the antifreeze solution still remains in 
doubt. 
(3) Blends of polypropylene and LLDPE 
Many of the candidate materials for these ta nks are sequential 
copolymers, ethylene on propylene, but blends of polypropylene with 
e thylene/propylene rubber are not excluded. It was considered worthwhile , 
therefore, to blend polypropylene with linear low density polyethylene, 
LLDPE (ethylene-octene copolymer), and blends containing 5 and 1096 
LLDPE were extruder mixed. 
Characterisa tion of the blends has revealed sepa rate phases of 
LLD PE and propylene polymer, each component showi ng individual fusion 
endotherms on heating and distinct crystallisation exotherms on cooling. 
Despite this apparent segregation, the addition of LLDPE confers 
advantageous properties on the polypropylene, improving impact perform-
ance at ambient and low temperatures, and environmental stress cracking 
resistance, with little or no deterioration in yield stress. These blends of 
LLDPE with propylene polymers show sufficiently improved properties to 
warrant trials as coolant reservoir tanks, for which the balance between 
pressure resistance and cracking resistance is very difficult to attain 
satisfactorily. 
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7A RECOMMENDATIONS FOR FUTURE WORK 
(1) Further development of the finite element model is desirable. Also, 
some attention must be given to reducing computer time which with the 
present program me is unacceptable. 
(2) Further study of the globular texture to clarify whether these 
globular particles act as 'crack stoppers' or as vulnerable polymers for 
attack by the antifreeze solution. 
(3) Mathematical analysis of the optimum parison profile is desirable. 
This may provide improved thickness distribution and reduce s tress 
concentrations in the coolant reservoir ta nks. 
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APPENDIX A 
Maximum and Minimum Principal Stress 
The stresses on any body can be resolved into three di rec t s tresses, 
6x,6~ ,O? a nd three shear stresses'1:j T ,rr . 
v u _ _ X '?cJ L,j5 
~ : 
I 
I 
I 
I 
oj 
k--+--~ a'~ 
These component stresses , however, are not always the critical 
stresses that cause failure. Consequently it is necessary to reduce a ll 
systems of component stresses to a common cr iti cal system of stresses 
called "principal stresses" . 
A principal stress is a stress acting normal to a plane of zero shear 
stress. In any stressed body there are always three mutually perpendicular 
planes of zero shear stress. 
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For plate problems, such as the Fiesta coolant tank, the stresses in 
the dj direction are assumed zero. This condition is known as 2-D plane 
stress. The two remaining principal stresses are usually referred to as the 
maximum and minimum principal stresses. They can be calculated from 
the component stresses as shown below: 
if, - O"x + O"!I + j (o-y -2. <r".'ti 1:' xJl. Maximum principal stress ,- 2 
M inimum prinCipal stress 0;. ; ~r:( i Q'y J (<Tt 2. a'x)l. + 7: Xj1-
N .B. 1. The maximum principal stress is always the positive principal 
stress. 
2. Rather than Maximum and Minimum stresses PAFEC calls its 
prinCipal stresses most positive and most negative. The angle of 
the zero stress plane for the maximum principal stress is given by 
8 " i ( ) 
298 
APPENDIX B 
Combined Stress and Theories of Failure 
Co mbined stress is the te rm used to describe the state of stress when 
there is more than one load type (i.e. tension, compression twisting or 
bending), acting on a body. To evaluate the stress levels in combined stress 
si tuations the component stresses must convert to principal stresses. 
The stress cracking of the Fiesta coolant tank was the result of a 
combined stress - the internal pressure force acting on the concave surface 
se t up bending, t ensile and compressive stresses. These were resolved into 
combined stresses and from them the pr incipal stresses calculated. 
The problem that faces the design engineer in a combined stress 
situa tion is tha t although he can calcula te the principal stresses on a 
component, he does not know how near the component is to failing. This is 
because most of the experimental da ta for yield or fa ilure stress of a 
material comes from uniaxial tenSile tests. Thus he needs a means of 
relating the principal s tresses from a combined loading s ituat ion to the 
fa ilure st ress from tensile tests. This is usually done using one of the three 
main theories of failure. 
1. Maximum Stress Theory (RANK INE) - this postula tes that failure 
occurs in a member subjec t to combined stresses when one of the 
principal stresses reaches the fa ilure value in simple tension. 
2. Maximum Shear Theory (TRESCA) - th is postula tes that failure 
occurs in a member subject to combined stresses when the 
maximum shear stress reaches the value of shear failure in 
tension. 
3. Distortion Energy Theory (VON MISES) - this postulates tha t 
failure occurs in a member subject to combined stresses when the 
energy of distortion reaches the same value as that for failure. 
A 2-D representation of the failure theories is given below: 
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N .B. According to the PAFEC finite element results for the crack edge 
:z 2 
Maximum stress theory 
Maximum shear theory 
Distortion energy theory 
As can be seen from the diagram all the theor ies give similar results 
for combined stresses in quadrants 1 and 3. How ever, there is now 
considerable theoretical and experim enta l evidence to sugges t that Von 
Mises failure theory is the mos t fundamental. 
Von Mises failure theory for 2-D can be expressed mathematically as: 
0;,2 " o;'~t ~.l. - ~<11. 
where a; = Maximum principal s tress 
6l. " Minimum principal stress 
c;;, = Von Mises equivalent stress 
Thus failure occurs when Von Mises equivalent stress exceeeds the 
failure stress of the material. For the Fiesta coolant tank no appropriate 
failure stress data existed so the Von Mises equivalent stress was compared 
to the yield test value. 
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The final stage is to calculate the stresses and strains. 
Stresses are given by: [0"] = (DJ lB J CoL] 
Strains are given by: (£..] = ( eJ [ cl] 
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An interesting point to note is the effect of the material properties 
matrix lD)on the stresses. 
l DJ = ...,...=.E=-1_ Jl. 
where 
[~ 
E 
v 
J I~Jl 1 0 
= Youngs modulus 
= Poissons ratio 
The ma terial properties matrix is used twice in the stress 
calculations. First to calculate the elemental stiffness matrix , and then 
later to find the stresses. In fact the net effect is that it cancels itself 
out; which is what you would expect from stress theory - (Stress is defined 
as force/area and cannot be effected by material properties). This has 
been confirmed by running the Fiesta coolant tank PAFEC programme with 
different material data. 
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